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Abstract

Achieving tight glucose control safely in type 1 diabetes with currently

available methods of insulin delivery is challenging. Aggressive regimens

carry an increased risk of hypoglycaemia, particularly overnight. Both al-

cohol consumption and exercise predispose further to low glucose levels.

The demands are even greater in pregnancy where, in addition to limit-

ing hypoglycaemia, avoidance of postprandial hyperglycaemia is critical

to minimising adverse obstetric outcomes. The aim of my studies was to

evaluate feasibility and safety of a closed-loop or ’artificial pancreas’ sys-

tem linking insulin delivery with continuous glucose monitoring (CGM),

in adults with type 1 diabetes in a controlled setting.

Three randomised crossover studies compared closed-loop insulin deliv-

ery with conventional insulin pump therapy on two separate occasions,

matched in meals and activities. During closed-loop visits, CGM values

were entered into a computer containing a model predictive control algo-

rithm which advised on basal insulin infusion for subcutaneous delivery,

every 15 minutes. During control visits, usual insulin pump regimen was

continued. The feasibility study evaluated overnight closed-loop in 12

adults (seven females, mean age 37.7 years, HbA1c 7.8%) following 60g-

carbohydrate evening meal. A follow-up study assessed overnight closed-

loop in 12 further adults (seven females, mean age 37.2 years, HbA1c

7.8%) following 100g-carbohydrate meal and (mean 564 ml) white wine.

The third study evaluated 24 hours of closed-loop in 12 pregnant women

(mean age 32.9 years, 19 to 23 weeks gestation, HbA1c 6.4%) during nor-

mal daily activities, including low and moderate intensity exercise. Ac-

tivity and glucose levels were also measured during free-living. CGM

performance during exercise was evaluated.

Overnight closed-loop insulin delivery in adults, compared with conven-

tional pump therapy, increased time spent with plasma glucose in tar-

get range (3.9 − 8.0 mmol/l) following both standard meal (81% versus



57%; p = 0.012) and large meal accompanied by alcohol (70% versus 46%;

p = 0.012). Glycaemic variability, and time spent in hypo- and hyper-

glycaemia were lowered. In pregnant women, day and night closed-loop

insulin delivery was as effective as usual pump regimen (81% versus 81%

time spent with plasma glucose 3.5 − 7.8 mmol/l; p = 0.754). Hypo-

glycaemia occurred following exercise, although closed-loop prevented

nocturnal episodes. Glycaemic control during free-living was suboptimal,

compared with controlled diet and exercise conditions. Accuracy of CGM

was lower during exercise.

In conclusion, these studies confirm the feasibility and efficacy of overnight

closed-loop insulin delivery in adults with type 1 diabetes. Closed-loop

is safe during pregnancy and may be beneficial in women with subopti-

mal glycaemic control. Meals and physical activity currently limit optimal

daytime use of closed-loop.
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Chapter 1

Introduction

1.1 Glucose regulation

In health, multiple pancreatic and gastrointestinal hormones act to maintain glucose

within a narrow range.[1] Circulating glucose is derived from two main sources: in-

testinal absorption during the fed state and hepatic metabolism during fasting. In the

fasted state, glucagon produced by alpha cells in the pancreas facilitates glycogenol-

ysis (the breakdown of glycogen or stored glucose) and gluconeogenesis (formation

of glucose from lactate and amino acids), thus promoting appearance of glucose in

the circulation. Following meal ingestion, the rise in glucose levels stimulates the se-

cretion of insulin from pancreatic beta cells, resulting in glucose uptake into skeletal

muscle and storage in the liver as glycogen, thus increasing disposal of circulating

glucose. Amylin, which is co-secreted with insulin from beta cells, acts to delay gas-

tric emptying and suppress appetite following a meal. Both amylin and insulin have

an inhibitory effect on glucagon secretion. Cortisol, epinephrine and growth hor-

mone, known as the counter-regulatory hormones, are released in response to low

glucose levels.

1.2 Diabetes

1.2.1 Definition

Diabetes is a chronic condition characterised by elevated blood glucose levels, result-

ing from a lack of insulin production and/or an inability of the body to respond to

insulin. The current World Health Organisation diagnostic criteria for diabetes are
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fasting plasma glucose ≥ 7.0 mmol/l or two-hour plasma glucose ≥ 11.1 mmol/l.[2]

1.2.2 Types

There are two main forms of diabetes, type 1 and type 2, the latter accounting for

up to 95% of cases. Type 1 diabetes is characterised by autoimmune destruction of

insulin-secreting beta cells in genetically predisposed individuals, resulting in com-

plete or near-complete loss of insulin production.[3] Type 2 diabetes is a combination

of ineffective action of insulin, also known as insulin resistance, and progressive de-

terioration in beta cell function, resulting in inadequate insulin production.

1.2.3 Prevalence

The worldwide prevalence of diabetes (type 1 and 2) was 6.4% in 2010, affecting

285 million adults. This figure is projected to increase to 439 million by 2030, with

the major escalation (69%) in developing nations and 20% in developed countries.[4]

This increase, at a rate of 2.2% per year, is nearly twice the annual growth rate of the

total world adult population. Data from the most recent UK National Health Service

annual audit reported a prevalence of diagnosed diabetes in the UK of 4.35%, almost

10% (0.40%) of which are type 1 diabetes.[5]

1.2.4 Healthcare burden

Diabetes is associated with significant morbidity, resulting in a twofold increased

risk of hospital admission, longer inpatient stays, and reduced life expectancy. The

total global expenditure for diabetes in 2010 was estimated at US$376 − 672 billion,

accounting for 12% of the world’s total health budget.[6] There is a huge disparity

between countries, with the USA spending 52.7% of global health expenditure on

diabetes, and India, the nation with the highest diabetes population in the world,

less than 1%. An estimated 10% of the National Health Service budget in the UK is

spent on treatment of diabetes and its complications.[5]

1.3 Monitoring of diabetes

1.3.1 Conventional methods

Frequent glucose monitoring is imperative to maintaining target glucose levels. The

American Diabetes Association recommends regular fingerprick capillary blood tests

2
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Figure 1.1: FreeStyle Navigator continuous glucose monitor showing receiver and
transmitter

at least three times daily to guide insulin timing and doses.[7] Drawbacks include

the invasiveness, pain and inconvenience associated with the technique. In addition,

fingerprick testing only provides a snapshot of glucose values with no information

on glycaemic trends throughout the day. Accuracy of glucose measurement varies

widely between devices, with inferior performance at glucose extremes.[8]

1.3.2 Continuous glucose monitoring

The original idea of continuous glucose monitoring (CGM) dates back to the 1960s.

The earliest approaches used invasive intravascular access to determine glucose lev-

els every second to 15 minutes, which is associated with a substantial risk of infection

and thrombosis. In the last two decades, the focus has shifted towards the develop-

ment of less invasive CGM devices which measure glucose in the interstitial fluid,

and remains the most promising minimally invasive route for outpatient monitor-

ing of glucose.[9] The components include a transcutaneous sensor connected to a

transmitter, and linked wirelessly to a hand-held receiver (Figure 1.1). The receiver

displays glucose values updated every one to five minutes, as well as directional

arrows indicating glycaemic trends in real-time.

1.3.2.1 Measuring accuracy

Various methods exist for evaluating the numerical and clinical accuracy of CGM de-

vices. The Clarke error grid analysis, shown in Figure 1.2, uses a cartesian diagram to

demonstrate the relationship between sensor (displayed on the y-axis) and reference

(displayed on the x-axis) glucose measurements.[10] The diagonal represents perfect

agreement of the two values, whilst points above and below the line indicate over-

3
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Figure 1.2: Clarke error grid
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and underestimation of reference glucose, respectively. The diagram is divided into

five zones representing varying levels of accuracy: values in zone A and B are deemed

clinically acceptable, whilst values in zones C, D or E are considered clinically un-

safe. Zone A includes glucose values that deviate from reference by less than 20%

or where both sensor and reference are in the hypoglycaemic range (< 3.9 mmol/l),

while zone B represents those that deviate by more than 20% but are benign. Points

in zone C may lead to unnecessary treatment of acceptable glucose values. Those in

zone D indicate a potential failure to detect hypo- or hyperglycaemia, usually asso-

ciated with rapidly changing glucose concentrations. Zone E represents erroneous

sensor behaviour which may result in incorrect treatment.

The International Standards Organisation (ISO) 15197:2003 is the minimum ac-

ceptable standard for SMBG, and can also be applied to CGM devices. The criteria

require that at least 95% of values lie within 0.8 mmol/l of the reference glucose

when it is ≤ 4.2 mmol/l, or within 20% when > 4.2 mmol/l.[11]

The relative absolute difference (RAD) is a commonly used measure, reflecting

the numerical proximity of CGM readings with reference blood glucose values cor-

responding in time. Expressed as a percentage, RAD is calculated as:

4
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RAD =

∣
∣
∣
∣

Reference glucose− Sensor glucose
Reference glucose

∣
∣
∣
∣
× 100.

Bias measures the difference between paired CGM and reference glucose values, ex-

pressing both magnitude and direction of error. Positive bias indicates over-reading

while negative bias indicates under-reading by the sensor.

1.3.2.2 Development of CGM

In 1999, Medtronic developed the first commercially available continuous glucose

sensor, known as CGMS Gold. A glucose oxidase enzyme-based electrode inserted

directly into the subcutaneous tissue catalyses the oxidation of glucose and oxygen

to hydrogen peroxide. Subsequent dissociation of hydrogen peroxide generates an

electrical current, the magnitude of which is used to estimate the interstitial glu-

cose concentration.[12] Evaluation of CGMS gave 95% of values in Zones A and B

of the Clarke error grid analysis, and detected significantly more episodes of hypo-

glycaemia and postprandial hyperglycaemia compared with conventional SMBG.[13]

Sensor failure rate was 28%, attributed to fluctuations in the electrical current signal

from tissue reactions around the electrode.

The GlucoDay (Menarini, Florence, Italy) and the SCGM1 (Roche Diagnostics,

Mannheim, Germany) sensor systems use the microdialysis technique where inter-

stitial fluid is collected via a subcutaneously implanted semi-permeable dialysis fibre

and transported to a flowcell located on the body surface containing a glucose oxi-

dase sensor. Unlike the needle-based CGMS Gold (Medtronic, Northridge, CA, USA),

external placement of the sensor requires longer tubing which, in combination with

a low perfusion rate, introduces an additional transport lag. This delay is up to 35

minutes for the SCGM1, which has been withdrawn from clinical use.[14] The Gluco-

Day is approved for retrospective analysis. A newer generation microdialysis sensor,

the GlucoMenDay (Menarini, Florence, Italy) reports improved sensor stability, min-

imised interferences and longer sensor life, with median RAD of 7.7% in euglycaemia

and 9.6% in hypoglycaemia (Table 1.1).[15]

The GlucoWatch G2 Biographer (Cygnus, Redwood City, CA), a non-invasive de-

vice that uses reverse iontophoresis to measure interstitial glucose [19], was evalu-

ated in a trial against the Guardian REAL-Time CGM (Medtronic, Northridge, CA,

USA).[20] After 18 months, the decline in HbA1c in the GlucoWatch group was lower,

and compliance was only 20% (versus 57% for Guardian REAL-Time). Difficulty with

using the device and increased side effects such as skin irritation resulted in its with-
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Table 1.1: Comparison of accuracy of commercially available CGM devices

Navigatora DexCom STSa DexCom SEVEN PLUSb Guardian RTa Enlitec GlucoDaya GlucoMenDayd

Mean relative absolute difference (%) 15.3 21.2 16.8 15.2 13.9 15.6 10.4
Median relative absolute difference (%) 11.8 18.4 13.3 13.3 — 10.7 7.7
Values within ISO requirementse (%) 72.2 52.2 73.0 73.2 — 76.9 89.3
Clarke error grid – zones A + B (%) 99.7 100 94.8 97.5 97.3 98.7 100
Clarke error grid – zones C + D + E (%) 0.3 0.0 5.2 2.5 2.8 1.3 0.0

Notes: a Data from [16]; b Data from [17]; c Data from [18]; d Data from [15]; e CGM values within ±0.8 mmol/l when reference glucose ≤ 4.2 mmol/l
and within ±20% when > 4.2 mmol/l, based on ISO 15197:2003.
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drawal from commercial use.

Accuracy of the DexCom STS (San Diego, CA, USA), Guardian REAL-Time (Med-

tronic, Northridge, CA, USA), FreeStyle Navigator (Abbott Diabetes Care, Alameda,

CA, USA) and Glucoday (Menarini, Florence, Italy) was assessed during hypogly-

caemic clamp studies.[16] Median RAD was 18.4%, 13.3%, 11.8% and 10.7% for each

device, respectively (Table 1.1). The FreeStyle Navigator was more accurate during

hypoglycaemia. The DexCom STS has since been superseded by the next generation

device, DexCom SEVEN PLUS (San Diego, CA, USA), which has been shown to have

higher accuracy with median RAD of 13.6%.[21] Similarly, the recently released Enlite

sensor (Medtronic, Northridge, CA, USA) has a mean RAD of 13.9% (Table 1.1).[18]

Aside from the electrochemical sensors described above, there are several other

approaches under development, employing a range of technologies including optical

and electromagnetic methods, and varying in their degree of invasiveness.[22]

1.3.2.3 Efficacy studies

One of the first randomised trials was carried out using CGMS Gold (Medtronic,

Northridge, CA, USA) in 161 adults and children, demonstrating a reduction in

HbA1c of 1% at three months when CGM was used continuously (but not with in-

termittent use), compared with conventional SMBG.[23]

The Juvenile Diabetes Research Foundation (JDRF) conducted a multicentre clin-

ical trial comparing CGM with SMBG in 322 subjects with type 1 diabetes treated by

multiple daily injections (MDI) or continuous subcutaneous insulin infusion (CSII),

over 26 weeks.[24] There was a significant improvement in HbA1c (0.53%) with CGM

use amongst patients aged 25 years and older, but no difference in those under 25

years of age. Notably, compliance with CGM, defined as wearing the device for six

days each week, was highest in subjects over 25 years (83%) compared with 30%

amongst 15 to 24 year olds and 50% in 8 to 14 year olds. Older age, more fre-

quent self-reported blood glucose measurements pre-study, and higher proportion of

sensor glucose within target range (3.9 − 10.0 mmol/l) in the first month were associ-

ated with greater CGM use at six months.[25] Compliance with CGM was correlated

with sustained improvement in HbA1c in all age groups. A meta-analysis of 19 ran-

domised trials comparing CGM with SMBG showed a significant improvement in

HbA1c in adults with type 1 (0.50%) and type 2 (0.70%) diabetes, with no difference

in children.[26]

Although the JDRF multicentre trial was not powered to evaluate hypoglycaemia
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outcomes, a reduction in the rate of severe hypoglycaemia was observed in those

patients 25 years and older who continued to use CGM after the randomised phase

of the trial from 21.8 events per 100 person-years to 7.1 events per 100 person-years six

months later.[27] Another randomised trial in 120 children and adults with HbA1c

< 7.5% on intensive insulin therapy for type 1 diabetes demonstrated a reduction

in time spent below 3.5 mmol/l from 0.97 to 0.48 hours per day and prevention of

severe hypoglycaemia with real-time CGM, without any deterioration in HbA1c after

six months.[28]

Two months of CGM use in 16 MDI-treated patients with severe hypoglycaemia

resulted in a reduction in frequency of hypoglycaemia, improved HYPO-scores (com-

posite measure of severe hypoglycaemia episodes over the previous year and a four-

week record of events below 3 mmol/l), and less fear of future hypoglycaemia.[29]

Counter-regulatory responses to hypoglycaemia were evaluated in 11 adolescents

with hypoglycaemia unawareness during hypoglycaemic clamp studies performed

at baseline and four weeks after real-time CGM versus SMBG.[30] CGM resulted in

an improvement in epinephrine responses as well as perceived adrenergic symptom

scores.

Recent Cochrane review of 22 randomised trials in adults and children with type

1 diabetes concluded an added benefit on glycaemic control when CGM was used in

combination with CSII, known as ‘sensor-augmented’ pump therapy: 0.7% reduction

in HbA1c versus 0.2% for CGM alone.[31] In the STAR1 trial, 146 participants aged

12 − 72 years already treated by CSII were randomised to either sensor-augmented

pump therapy or standard pump with SMBG.[32] At 26 weeks there was no differ-

ence in HbA1c between the groups. However, subgroup analysis revealed that pa-

tients with 60% or greater compliance with sensor use had a significant improvement

in HbA1c. The STAR3 study demonstrated a benefit of sensor-augmented pump

therapy over MDI alone in 485 patients with type 1 diabetes: 0.8% versus 0.2% re-

duction in HbA1c at 12 months, respectively.[33] A higher proportion of patients in

the pump group achieved the HbA1c target of < 7% (27% versus 10%), without any

increase in severe hypoglycaemia. Amongst adults, baseline HbA1c > 9.1%, age

above 35 years and longer duration of diabetes (> 18 years) were strong predictors

of benefit from sensor-augmented pump therapy.[34] The SWITCH study evaluated

153 adults and children with CSII-treated type 1 diabetes on sensor ON versus sen-

sor OFF for six months each with a four month washout period, in a randomised

crossover design.[35] HbA1c was 0.43% lower in the sensor ON group in both adults

and children at six months, but reverted to pre-study levels on discontinuation of

8
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sensor use.[36]

1.3.2.4 Clinical utility

Uninterrupted glucose sensing over 24 hours has several advantages over conven-

tional SMBG. According to a consensus guideline for the use of CGM, these include:

[37]

1. Real-time information about rate and direction of glucose change including

trends that could lead to hypo- or hyperglycaemia;

2. Tighter diabetes control; and

3. Better understanding of the impact of food, exercise, stress and other factors on

glucose.

Although SMBG has superior point accuracy, it does not provide the necessary in-

formation to avoid excursions into hypoglycaemia or hyperglycaemia whilst glucose

is still within normal range. CGM can be used for both diagnostic and therapeutic

purposes, including optimising insulin regimens where tight glycaemic control is cru-

cial, such as during pregnancy. Recent Endocrine Society clinical practice guidelines

recommend real-time CGM use in children, adolescents and adults who are able

to use the devices on a nearly daily basis.[38] Intermittent retrospective CGM use

may be useful in assessing nocturnal hypoglycaemia, dawn phenomenon (morning

hyperglycaemia), postprandial hyperglycaemia, changes in therapy and in patients

with hypoglycaemic unawareness.

Widespread use of CGM has been limited by its relatively high cost in countries

without healthcare reimbursement schemes. Real-time CGM use is covered by most

healthcare plans in the USA. Some European countries, including the Netherlands,

Israel and Sweden, have reimbursement schemes for patients with recurrent severe

hypoglycaemia. But in the majority of other nations, CGM use is limited by high

user costs: US$4380 per person compared with US$550 − 2740 for SMBG.[39] One

cost-benefit analysis of CGM estimated US$100, 000 for each quality adjusted life

year gained.[40] In patients with an HbA1c < 7%, CGM had a benefit on immediate

quality of life and reduction in microvascular complications. No benefit was seen on

long term glucose control or in patients with HbA1c > 7%.

A quality of life survey of CGM users reported reduced fear of hypoglycaemia,

decreased stress, and increased confidence with using CGM to make changes to in-

sulin regimens.[41] Evidence from randomised trials indicates a benefit of CGM on

9
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glycaemic control, but also highlights the importance of careful patient selection,

which should take into consideration willingness to use the device. Reasons for stop-

ping CGM include cost, bulkiness, adhesive problems and alarms.[41] Participants in

the multicentre JDRF CGM trial reported alarms, body issues (insertion sites and size

of device), and pain with insertion as the major barriers to CGM use.[42] In the same

survey, the ability to see glucose trends was described as being the best aspect of

CGM, with other benefits including ability to self-correct out of range glucose levels,

the large amount of data available, and detection of hypoglycaemia. More frequent

monitoring was associated with higher satisfaction amongst both adults and youth.

1.3.2.5 Barriers to use

The main challenge of CGM devices is in improving their accuracy and reliability,

especially in the hypoglycaemic range. Performance of the commercially available

CGM devices may be affected by calibration errors, sensor artefacts, and physiolog-

ical delays which include a 4 − 20 minute lag of transport of glucose between blood

and interstitial fluid compartments as well as a 5 − 15 minute device-dependent de-

lay associated with sensor signal processing and filtering out measurement noise.

The time lag may be more pronounced when glucose levels are fluctuating or at ex-

tremes of the normal range, affecting accuracy of calibration of some CGM devices.

A delay of 16.8 minutes during rapid glucose fall, compared with 11.7 minutes at

steady glucose levels and 9.9 minutes during rising glucose was observed with the

FreeStyle Navigator (Abbott Diabetes Care, Alameda, CA, USA).[43] Analysis of the

DexCom SEVEN PLUS (San Diego, CA, USA) demonstrated lag times between 4.5

and 5.7 minutes, with no diminution in accuracy when calibrations were done during

rapidly changing glucose.[21] Evaluation of the Enlite next generation sensor (Med-

tronic, Northridge, CA, USA) showed a time lag of 7.9 and 11.7 minutes for sensors

placed in the abdominal and buttock regions, respectively.[18]

Inherent imprecision in the capillary blood glucose meter or glucose strips used

for calibration can affect CGM accuracy. Calibration of the DexCom SEVEN PLUS

(San Diego, CA, USA) with a laboratory standard YSI 2300 analyser reduced the me-

dian RAD from 13.6% to 5.0%.[21] This source of error is minimised in the FreeStyle

Navigator which has a built-in blood glucose meter for calibrations. Accuracy of

CGM may be lower overnight, which may be related to changes in subcutaneous

blood flow and oxygen availability with lack of activity.[44]

Insertion of the sensor itself induces an inflammatory reaction with an increase
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in metabolically active cells suggesting the glucose concentration in the immediate

vicinity of the sensor is in more rapid equilibrium with blood than the rest of the

interstitial fluid compartment. However over time this process results in encapsula-

tion and protein aggregation around the sensor electrode with subsequent reduced

glucose influx and progressive inactivation of glucose oxidase enzyme. These events,

known as ‘biofouling’ or ‘sensor drift’, may explain the reduced performance towards

the end of the life of each sensor (usually 3 − 7 days). The microdialysis-based sen-

sors, in comparison, appear to be resistant to such processes via continual release

of perfusate into surrounding tissue which dilutes the proteins that stimulate the

foreign body response and thus prevents fibrous capsule formation.[15]

All CGM devices have incorporated safety alarms for detecting low glucose which

may be especially beneficial overnight. However, current sensors are limited by a

high frequency of false alarms and limited audibility. A study in 20 children using

CGM overnight demonstrated a false alarm rate of 55%, with subjects waking to only

29% of alarms.[45] False alarms increase patient anxiety and may lead to unnecessary

treatment of hypoglycaemia or overcorrection of hyperglycaemia due to the time lag

of sensor glucose. At the same time sensor alarms must be robust enough to awaken

patients at night, considering the blunted response to hypoglycaemia that occurs with

type 1 diabetes as well as the reduced auditory response during sleep. Severe hypo-

glycaemia has been shown to be present for up to four hours before a seizure occurs,

hence sensor detection algorithms that incorporate duration of hypoglycaemia may

reduce false positive alarms and thus be more clinically acceptable.[46]

1.4 Treatment of diabetes

1.4.1 Glucose targets

The ultimate goal of insulin therapy is maintenance of adequate glycaemic con-

trol whilst minimising the risk of hypoglycaemia. Optimising glycaemic control

early in the disease may be crucial to reducing the risk of diabetes-related complica-

tions. This may be explained by the ‘metabolic memory’, where early derangements

in glycaemic control are remembered in target organs.[47] Dynamic fluctuation in

blood glucose, known as glycaemic variability, is an independent predictor of worse

outcomes.[48] Chronic hyperglycaemia can induce oxidative stress, resulting in vas-

cular damage.[49] Recurrent episodes of hypoglycaemia may also have a negative ef-

fect on cardiovascular outcomes via reactive increase in counter-regulatory hormones
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including catecholamines that can induce vasoconstriction and platelet aggregation,

and augment the risk of cardiac arrhythmias.

Intensive therapy is known to prevent or delay both the microvascular (retinopa-

thy, neuropathy and nephropathy) and macrovascular (coronary and peripheral vas-

cular disease) complications of type 1 diabetes.[50; 51; 52; 53] The American Diabetes

Association recommends aiming for an HbA1c as low as can be achieved safely and

generally below 7%.[7] The 2010 UK National Health Service audit showed that 17%

of patients with type 1 diabetes had an HbA1c above 10%, with only 28% achiev-

ing target HbA1c ≤ 7.5% as recommended by the National Institute for Health and

Clinical Excellence.[5]

Intensive insulin therapy however has been linked with weight gain, with asso-

ciated high blood pressure and adverse cholesterol profiles.[54] Tailoring of insulin

regimes to achieve glycaemic targets can be challenging due to inter-subject variabil-

ity in insulin requirements. In addition, insulin sensitivity within the same individ-

ual fluctuates with time of day, stress levels, physical activity, concurrent illness and

meals consumed.

1.4.2 Current therapies

1.4.2.1 Multiple daily injections (MDI)

Patients with type 1 diabetes are dependent on lifelong insulin replacement, admin-

istered into the subcutaneous tissue either by MDI or CSII. MDI therapy is the more

widely available treatment regimen, necessitating administration of a combination of

longer-acting and rapid-acting (prandial) insulin injections. A significant proportion

of patients fail to achieve optimal diabetes control on MDI, predominantly due to

high glucose variability.

1.4.2.2 Continuous subcutaneous insulin infusion (CSII)

Insulin pumps, which deliver rapid-acting insulin in a continuous fashion, have over-

come many of the limitations associated with MDI.[55] They mimic more closely the

pattern of insulin secretion by the pancreas, thus allowing greater lifestyle flexibility.

CSII technology has advanced rapidly since first introduced over 30 years ago. The

newer models have several advanced features including the incorporation of alarms,

bolus calculation wizards and the ability to adjust basal rates with fine precision.

More recently, ‘patch pumps’ are being developed. The first of these to be com-
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mercially available is the Omnipod Insulin Management System (Insulet Corp, Bed-

ford, MA, USA). Their main advantage is a ‘tube-free’ system as the infusion cannula

is integrated into the pump which attaches to the body with an adhesive patch, hence

overcoming risks of obstruction or detachment of tubing. Patch pumps are slimmer

and more discreet, but limitations include a smaller insulin reservoir, adhesive intol-

erance and high cost of single-use consumables.[56]

A review of all CSII studies by the National Institute for Health and Clinical Ex-

cellence in 2010 concluded that CSII therapy in both children and adults resulted in

improved glycaemic control as reflected by a reduction in HbA1c, with the magni-

tude of decrease correlated with higher HbA1c at baseline, and fewer hypoglycaemic

events.[57] Overall quality of life was improved and there was no increase in diabetic

ketoacidosis. A meta-analysis of 22 studies found a 4.2-fold lower rate of severe hy-

poglycaemia during CSII compared with MDI, with the greatest reduction in those

with highest rates at baseline and those with longest duration of diabetes.[58] Impor-

tantly, glycaemic control was not compromised by the reduction in hypoglycaemia

during CSII, with an improvement in HbA1c of 0.62%. Twenty adults with repeated

non-severe (> four events/week) and severe (> two events in two years) hypoglycae-

mia were evaluated in a pilot study, demonstrating a significant decrease in episodes

of hypoglycaemia and improvement in hypoglycaemic awareness after 24 months of

CSII therapy, with no change in HbA1c.[59]

There is considerable variation in the frequency of pump usage worldwide, pre-

dominantly related to allocation of healthcare funding, ranging from over 25% in

the USA to less than 4% in the UK.[60] Within Europe, pump usage varies from

20% in Norway and Austria to less than 2% in Portugal and Russia.[61] The pump

itself, assuming a four-year life, costs £430 − £720 annually, and consumables are es-

timated at £1, 800 − £2, 000 per year. Compared with MDI, CSII costs an extra £1, 700

per annum.[57] The National Institute for Health and Clinical Excellence published

a guidance on CSII in 2008, reporting an incremental cost-effectiveness ratio rang-

ing from £24, 720 − £37, 712 per quality-adjusted life year gained with CSII compared

with MDI, dependent on baseline HbA1c.[62]

1.4.2.3 Immunomodulatory therapy

Pancreas transplantation is considered the gold standard endocrine replacement ther-

apy, and is associated with improved quality of life and reversal of hypoglycaemia

unawareness.[63] However, major drawbacks are the potential morbidity and mor-
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tality associated with major surgery, and side-effects from long term immunosup-

pression including deterioration in renal function. Graft survival rates vary from

16% for pancreas transplants alone to 36% for simultaneous pancreas and kidney

transplants. Islet cell transplantation is less invasive, involving placement of trans-

planted cells into the portal vein thus enabling instantaneous glucose detection and

direct insulin secretion. Following the introduction of the Edmonton steroid-free

immunosuppression protocol, early outcomes of islet cell transplantation appeared

promising.[64] However only 10% of patients remained insulin-independent after five

years.[65] Limited availability and viability of islet cells remain major hurdles. Re-

search into alternative sources, such as tissue stem cells and xenografts, is ongoing.

Another approach is the use of immunomodulatory agents in preventing or treat-

ing the autoimmune destruction of beta cells pathognomonic of type 1 diabetes.[66]

Several therapies have been proposed but none have yet received regulatory approval.

1.4.3 Insulin delivery

1.4.3.1 Subcutaneous route

Insulin absorption from subcutaneous tissue is influenced by factors including those

related to insulin preparation (e.g. dose, concentration, type), and local tissue blood

flow (e.g. anatomical site of injection, injection depth, lipodystrophy, age, temper-

ature, exercise). The high variability of insulin absorption can be attributed to a

combination of one or more of these factors. Intra-individual coefficient of variation

of insulin absorption of regular insulin from a single anatomical site under controlled

conditions is reported to range from 15− 25%, whilst inter-individual variability is at

least 10% higher.[67] Less concentrated insulin (U40 versus standard U100 insulin),

higher temperatures and a lower proportion of subcutaneous fat are associated with

enhanced insulin absorption.[68]

Insertion of a CSII infusion catheter results in trauma to subcutaneous tissue,

generating an inflammatory response which may increase capillary permeability and

hence affect absorption of insulin. A study in healthy volunteers demonstrated maxi-

mal local tissue blood flow two days after catheter insertion, with a return to baseline

at 4 days.[69] Although the rate of insulin absorption increased with catheter wear-

time, there was no significant change in peak plasma insulin concentration or total

amount of insulin absorbed. Euglycaemic clamp studies were performed in adoles-

cents with type 1 diabetes on day one and four of insulin catheter wear.[70] Boluses

of rapid acting insulin resulted in an earlier peak and shorter duration of action with
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longer catheter wear but overall insulin concentration was unchanged.

1.4.3.2 Novel approaches

Formation of insulin hexamers that impede absorption from the subcutaneous depot

contribute to the delays in subcutaneous insulin delivery. Potential solutions include

improving delivery and/or the molecule itself.

The challenge is to develop a form of insulin that is stable enough to be stored

and will not form amyloid fibrils in suboptimal conditions, whilst still being able to

rapidly break down from the hexameric form into monomers that can then enter the

bloodstream. There are at least two new insulin formulations under development.

VIAject (Biodel, Danbury, CT, USA) is a recombinant human insulin formulation

which, on subcutaneous injection, retains insulin in its monomeric form resulting in

a faster onset of action compared with the rapid acting insulin analogues.[71] Ad-

dition of EDTA which pulls zinc away from the insulin molecules and citric acid

which masks the charges on the molecule surface together stimulate increased dis-

sociation of insulin hexamers. Recombinant human hyaluronidase (rHuPH20) is a

genetically engineered version of the enzyme hyaluronidase which cleaves hyaluro-

nan polymers that normally block fluid movement in the interstitium. Bulk fluid

flow is hence increased, facilitating the presentation of injected drugs to blood ves-

sels. Co-administration of rHuPH20 (Halozyme Therapeutics, San Diego, CA, USA)

with lispro or regular human insulin at meal times in patients with type 1 diabetes

resulted in faster onset and higher peak plasma insulin concentrations, with subse-

quent improved postprandial glycaemic control.[72] Tolerability over the long term

is yet to be determined.

Increase in temperature at the site of insulin delivery may increase insulin

absorption.[68] The InsuPatch (InsuLine, Israel) is a local skin heating device that

warms the site of subcutaneous insulin infusion. Concurrent use with prandial in-

sulin boluses in 17 CSII-treated adults demonstrated a faster and greater rise in in-

sulin concentrations with resulting reduction in postprandial glucose excursions.[73]

Another approach to overcome the delay in insulin action is to reduce the

rate of appearance of meal-related glucose. Pramlintide, the synthetic analogue of

the hormone amylin, acts to slow gastric emptying and secretion of digestive en-

zymes in addition to inhibiting release of glucagon and modulating appetite. Co-

administration of pramlintide with insulin at mealtimes may reduce postprandial

hyperglycaemia.[74]
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1.4.3.3 Alternative routes

The intraperitoneal route more closely mimics physiologic insulin secretion with

most of the insulin delivered directly to the portal circulation, achieving maximal

action within 15 minutes and lower circulating insulin levels. Catheter implantation

requires a surgical procedure which carries an associated risk of infection, fluid accu-

mulation and skin thickening. In the long term, occlusion due to insulin aggregation

may result in insulin under-delivery. Evaluation of the Diaport (Roche Diagnos-

tics, Mannheim, Germany) system in 60 patients demonstrated a reduction in severe

hypoglycaemia but an increased rate of treatment-related complications, compared

with conventional CSII.[75] An observational study of 40 implanted pumps in sub-

jects with type 1 diabetes reported 40 insulin under-delivery events in 24 pumps: 36

due to formation of insulin aggregates, and four due to catheter obstruction from

peritoneal tissue overgrowth. Three pumps were removed prematurely, one because

of electronic failure and two due to infection.[76]

The inhaled route for insulin delivery has had limited success thus far, with pre-

vious formulations being withdrawn from clinical use for reasons including lower

bioavailability, irritation of airways, and variable effect in smokers or patients with

lung disease. Afrezza (Technosphere, MannKind Corp, USA), an ultra rapid insulin

administered via pre-metered inhaler, has a more rapid onset and shorter duration

of action than subcutaneous insulin.[77] The active agent is Technosphere insulin, a

dry powder insulin deposited as insulin monomers, resulting in peak insulin lev-

els within 12 − 14 minutes. When delivered at the start of a meal in patients with

type 2 diabetes, Afrezza resulted in lower postprandial glucose excursions and lower

rates of hypoglycaemia, with lesser or no weight gain compared with rapid acting

subcutaneous insulin.[78]

Intradermal delivery of insulin has also been evaluated. Compared with sub-

cutaneous administration (8mm needle), premeal intradermal injection of regular

human insulin using a 1.5mm steel microneedle lowered postprandial glucose lev-

els, although no difference was seen when lispro rapid acting insulin analogue was

used.[79] Intradermal insulin resulted in faster uptake, higher maximum concentra-

tion and shorter systemic circulating levels of insulin.
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Figure 1.3: Artificial pancreas (closed-loop) system

Notes: Illustration of artificial pancreas comprising continuous glucose monitor (black
transmitter on abdomen), subcutaneous insulin pump (in pocket, connected via infusion
set to abdomen), and hand-held device containing the control algorithm.

1.5 Closed-loop insulin delivery

1.5.1 Components

Recently, there has been increasing interest in developing an ‘artificial pancreas’ or

closed-loop insulin delivery system that best mimics the human beta cell, aiming to

safely achieve and maintain near normal glucose levels.[80] The artificial pancreas

is composed of three components: a continuous glucose sensor (discussed in Section

1.3.2), a subcutaneous insulin pump or CSII (discussed in Section 1.4.2), and a control

algorithm which computes the amount of insulin to be delivered by the pump based

on real-time CGM measurements (Figure 1.3).

1.5.2 Control algorithm

There are two main groups of control algorithm used in artificial pancreas prototypes:

model predictive control (MPC) and proportional integral derivative (PID). Fuzzy

logic control is another algorithmic approach, which uses approximate reasoning to

replicate conventional insulin dosing instructions by diabetes practitioners based on

clinical judgement and medical knowledge.
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1.5.2.1 Model predictive control

The MPC algorithm links insulin delivery and meal ingestion to glucose excursions in

a mathematical model.[81] This can involve a physiological model representing fun-

damental glucoregulatory processes, or a ‘black-box’ model disregarding the physi-

ological insights but learning the insulin-glucose relationships using pattern recog-

nition techniques. This information enables the construction of insulin infusion rates

leading to a predefined ‘target’ glucose excursion. The insulin to be infused is ob-

tained by minimising the difference between the model-predicted glucose concentra-

tion and the target glucose, over a prediction window corresponding to the duration

of insulin action. A moving target range allows gradual normalisation of elevated

glucose and faster normalisation of low glucose values.

MPC has the ability to ‘learn’ usual timing and content of meals and exercise pat-

terns, enabling patient-personalised models to optimise future insulin delivery and

reduce glycaemic variability. It is an adaptive system, whereby current glucose mea-

surements are used to update model parameters such as insulin sensitivity, based on

previous insulin infusion rates and glucose intake, in real-time. Prediction capabil-

ities make MPC a suitable approach to compensate for time delays associated with

subcutaneous glucose sensing and insulin delivery.

1.5.2.2 Proportional integral derivative control

The PID algorithm, used widely in control systems in industrial settings, calculates

insulin delivery based on three terms.[82] The proportional term adjusts insulin de-

livery in response to current glucose levels. The integral component adjusts insulin

according to the area under the curve between measured and target glucose. The

derivative term delivers insulin in response to the rate of change of blood glucose

over time. Total insulin delivery is the sum of all three components, balanced by

three constants, which are set individually. Unlike MPC which is proactive and has

the ability to anticipate future glucose excursions related to the effect of adminis-

tered insulin, meals and physical activity, PID is purely reactive to changes in blood

glucose.

A variation on PID control, which replaces the integral component with a ‘fading

memory’ where more recent glucose levels have a higher weighting than older val-

ues, has been evaluated.[83; 84] Addition of insulin feedback has been proposed to

improve the ability of PID to accommodate delays in insulin absorption.[85]
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1.5.3 Historical overview

In 1964, Kadish proposed and tested a closed-loop system based on an on-off control

algorithm, using continuous glucose sensing with intravenous glucose and insulin

infusions.[86] Albisser et al [87] and Pfeiffer et al [88] developed the first true ‘artifi-

cial endocrine pancreas’ system. The first commercial device, the Biostator, was in-

troduced in 1977.[89] It operates as a fully closed-loop system using the intravenous-

intravenous route, with infusion of insulin when glucose levels are elevated and

dextrose when glucose levels are below target. Glucose is measured from whole

blood via a glucose oxidase sensor in real-time. Biostator was initially developed

to treat acute metabolic derangements such as diabetic ketoacidosis, but has since

been used for research purposes. Limitations of this prototype system include the

lack of portability, simplified algorithms, wastage of venous blood after each glucose

measurement, and an increased risk of infection or thrombosis.

In 2000, a consortium of academic, clinical and industrial partners commenced

work on the Advanced Insulin Infusion using a Control Loop project.[90] This in-

volved stepwise simulation and clinical testing of a system using an intravenous

glucose sensor (with a 30-minute time lag to simulate the delays associated with sub-

cutaneous sampling), a control algorithm operated via a handheld computer, and

a subcutaneous insulin pump. Clinical testing in 11 subjects with type 1 diabetes

demonstrated 84% of glucose readings in the 3.5 − 9.5 mmol/l range.

In 2003, Medtronic developed an ‘external physiologic insulin delivery’ system

using CGMS Gold (Medtronic, Northridge, CA, USA), a PID controller and the

Medtronic 511 Paradigm insulin pump, which was evaluated in ten patients with

type 1 diabetes.[91] Glucose levels were within 3.9 − 10.0 mmol/l for 75% of the

time during closed-loop, compared with 63% during standard CSII with SMBG at

home. There was no difference in episodes of hypoglycaemia. Roche developed

a subcutaneous-subcutaneous closed-loop system with meal announcement utilis-

ing an empirical algorithm to determine insulin delivery based on SCGM1 (Roche

Diagnostics, Mannheim, Germany) and operator input of meal carbohydrates.[92]

Compared with standard multiple daily injections, 32 hours of closed-loop control

reduced the frequency and quantity of carbohydrates required to treat hypoglycae-

mia in 12 subjects with type 1 diabetes.
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1.5.4 Measuring performance

A number of metrics may be used to assess efficacy of closed-loop glucose con-

trol during clinical testing. The most widely used measure is ‘proportion of time

spent with glucose in target range’.[93] This range may vary according to the pa-

tient group under evaluation, with tighter targets required during pregnancy for

example, to avoid hyperglycaemia-related adverse obstetric outcomes.[94] A target

range of 3.9 − 8.0 mmol/l is generally used for fasting and overnight, with 3.9 − 10.0

mmol/l for postprandial conditions, consistent with American Diabetes Association

guidelines.[95] Clinicians may be more familiar with mean glucose as a measure of

glycaemic control. Glycaemic variability may be expressed in various ways includ-

ing standard deviation of glucose, mean amplitude of glycaemic excursions and in-

terquartile range.[96] The blood glucose rate of change can be used to measure the de-

gree of fluctuation in glucose concentration. Time spent below target and frequency

of episodes of hypoglycaemia are important safety measures. The low blood glucose

index provides a composite measure of duration and extent of hypoglycaemia.[97]

Time spent above target and the high blood glucose index can be used to quantify

hyperglycaemia.

Optimal evaluation of closed-loop glycaemic control entails frequent measure-

ment of whole blood or plasma glucose samples using a laboratory gold standard

such as a YSI 2300 analyser. This is feasible for hospital-based studies, but is not prac-

tical for outpatient-testing of closed-loop insulin delivery. Glycosylated haemoglobin

(HbA1c), the most widely recognised gauge of treatment outcomes, reflects glucose

levels over the preceding six to eight weeks. Use of HbA1c as a marker of glu-

cose control gives limited information and is restricted to studies performed over a

longer duration. Sensor glucose is likely to be the most feasible method for evaluat-

ing closed-loop performance, but adjustment for inherent device inaccuracy may be

required when interpreting the results.[98]

1.5.5 Body access routes

The Biostator established feasibility of closed-loop glucose control, but the intra-

venous route for glucose sensing and insulin delivery limit its use to research and

inpatient settings. Intraperitoneal insulin delivery has similar drawbacks. Given

the limitations of such invasive approaches, the subcutaneous route for both glucose

sensing and insulin delivery is the most viable approach for outpatient application

of closed-loop.
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1.5.6 Clinical testing

Approaches to closed-loop insulin delivery differ by degree of user input, timing of

application, or hormones infused as summarised in Table 1.2.[80]

1.5.6.1 Low glucose suspend and pump shut-off

Suspension of insulin delivery during hypoglycaemia is the most straightforward

application of an early first generation closed-loop system. The Paradigm Veo pump

(Medtronic, Northridge, CA, USA), approved for commercial use in Europe since

2009 but awaiting USA Food and Drug Administration authorisation, can be linked

with the Guardian REAL-Time or Enlite sensor (Medtronic, Northridge, CA, USA).

Insulin delivery is suspended for up to two hours if the hypoglycaemia alarm is not

responded to when sensor glucose falls below a predefined threshold. Data from

935 users showed 82% compliance with using the ‘low glucose suspend’ feature.[114]

The majority of suspensions occurred in the late afternoon, with 45% lasting less than

five minutes and 11% greater than 115 minutes. A user evaluation study in 31 adults

showed that the low glucose suspend feature was activated 166 times (1.9 times per

patient per week), with 76% occurring in the daytime.[99] Nocturnal hypoglycaemia

(≤ 2.2 mmol/l) was reduced from 46.2 to 1.8 minutes per day in those with highest

baseline risk. Significant hyperglycaemia did not occur, with median glucose rising

from 3.9 mmol/l to 8.2 mmol/l two hours after suspension of insulin delivery.

Assessment of low glucose suspend in children demonstrated reduction of time

spent in hypoglycaemia from 101 minutes to 58 minutes per day.[100] Almost 25% of

pump suspension events lasted the maximum two hours, with the majority occurring

overnight. The efficacy of low glucose suspend was evaluated in a recent inpatient

crossover study in 50 adults with type 1 diabetes, demonstrating reduction in the

duration (138 minutes versus 170 minutes) and severity of exercise-induced hypo-

glycaemia (nadir plasma glucose 3.3 mmol/l versus 3.2 mmol/l), compared with not

using the feature.[115]

Pump shut-off during the daytime using two different hypoglycaemia predic-

tion algorithms was evaluated in 22 adult and young patients.[102] Using a pump

shut-off time of 90 minutes and a threshold of 4.4 mmol/l, hypoglycaemia was pre-

vented on 60% of occasions using a statistical algorithm, and 75% using a linear

algorithm. A combination of up to five hypoglycaemia prediction algorithms was

evaluated overnight, using a threshold of 4.4 mmol/l with a 35-minute prediction

horizon.[101] Hypoglycaemia (< 3.3 mmol/l) was prevented on 60% of nights when
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Table 1.2: Closed-loop approaches

Approach Study population Clinical studies References
(n = number of subjects)

Low glucose
suspend

Adults (n = 31) User evaluation of Paradigm Veo pump
+ Guardian REAL-Time sensora

[99]

1 − 18 years (n = 21) User evaluation of Paradigm Veo pump
+ Guardian REAL-Time sensora

[100]

12 − 39 years (n = 26) Overnight pump shut-off during hypo-
glycaemia using prediction algorithms

[101]

6 − 38 years (n = 22) Daytime pump shut-off during hypo-
glycaemia using prediction algorithms

[102]

Overnight
closed-loop

18 − 65 years (n = 24) 13 − 14 hours closed-loop versus open
loop (control); randomised

[103]

5 − 18 years (n = 19) 12 hours closed-loop versus open loop
(control); randomised

[104]

Adults (n = 20) 15 hours fully closed-loop versus open
loop (control)

[105]

5 − 13 years (n = 8) 11 − 14 hours fully automated closed-
loop

[106]

Closed-loop
with meal
announcement

12 − 18 years (n = 12) 36 hours closed-loop (+ manual bolus)
versus open loop (control); randomised

[107]

Pregnancy (n = 10) 22 hours closed-loop (+ manual bolus)
in early versus late gestation

[108]

Pregnancy (n = 12) 22 hours closed-loop (+ manual bolus)
versus open loop (control); randomised

[109]

Closed-loop
without meal
announcement

22 − 60 years (n = 8) 30 hours closed-loop (+ manual priming
bolus) versus home open loop

[85]

19 − 30 years (n = 7) 8 − 24 hours fully closed-loop versus
home open loop

[110]

13 − 20 years (n = 17) 34 hours semi (+ manual priming bolus)
versus fully closed-loop; randomised

[111]

Adults (n = 10) 29 hours fully closed loop versus home
open loop

[91]

Bi-hormonal
(insulin +
glucagon)
closed-loop

19 − 71 years (n = 11) 27 hours bi-hormonal fully closed-loop [112]

Adults (n = 7) 28 hours bi-hormonal (+ manual prim-
ing bolus) versus insulin only (control)
closed-loop

[83]

Adults (n = 14) 33 hours bi-hormonal (+ manual prim-
ing bolus) comparing two closed-loop
algorithms

[84]

Closed-loop with
intra-peritoneal
insulin delivery

Adults (n = 8) 48 hours closed-loop (+ manual priming
bolus) versus open loop (control); ran-
domised

[113]

Notes: aMedtronic, Northridge, CA, USA. System available in Europe for commercial use.
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three algorithms were used to predict pump suspension, and on 75% of nights when

two algorithms were used.

The main safety concern with interruption of insulin delivery, which may oc-

cur under normal closed-loop control, is the risk of hyperglycaemia and associ-

ated metabolic ketacidosis due to the short duration of action of rapid acting in-

sulin analogues.[116] There were seven episodes of mild ketoacidosis in the two

pump shut-off studies, none of which were associated with symptoms or clinical

sequelae.[101; 102] Insulin suspension for up to 240 minutes during closed-loop stud-

ies using MPC in seven children resulted in a peak glucose of 11.6 mmol/l with no

metabolic derangement.[117] Similarly, during closed-loop studies employing PID

control in 17 children over 34 hours, there were 18 occurrences of insulin suspen-

sion for at least 60 minutes with no occurrence of significant hyperglycaemia or

ketoacidosis.[118]

1.5.6.2 Overnight closed-loop

Nocturnal hypoglycaemia is common; in the landmark Diabetes Control and Com-

plications Trial (DCCT) 55% of severe hypoglycaemia episodes occurred during

sleep.[119] Overnight closed-loop was evaluated in 17 subjects aged 5 − 18 years

with type 1 diabetes in three randomised crossover studies, including evaluation after

slowly and rapidly absorbed large evening meals, and following moderate intensity

evening exercise.[104; 120] Compared with conventional pump therapy, closed-loop

in children increased time in target glucose (3.9 − 8.0 mmol/l) from 40% to 60%, and

halved the time spent in hypoglycaemia (< 3.9 mmol/l) from 4% to 2%. There were

no rescue carbohydrates administered during any of the 33 closed-loop nights.

Overnight closed-loop was tested in 20 adults in a non-randomised multicentre

trial using an MPC controller developed in silico.[105] Time in target glucose (3.9− 7.8

mmol/l) increased from 64% to 78%, and hypoglycaemia episodes (< 3.9 mmol/l)

were reduced from 23 to five, compared with conventional pump treatment. A pro-

totype fully automated closed-loop system was evaluated overnight in eight young

children.[106] Time spent in target glucose (3.9 − 8.0 mmol/l) was 51%, with no dif-

ferences in glycaemic control when closed-loop was initiated at 18:00 versus 21:00,

and no episodes of treated hypoglycaemia.
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1.5.6.3 Closed-loop with meal announcement

Insulin dosing following meal consumption presents a major challenge to closed-loop

glucose control. The fully closed-loop will ultimately operate autonomously deliver-

ing insulin in response to detected glucose levels. However, delays in insulin absorp-

tion complicate timely insulin delivery in response to rising glucose levels. Insulin

overdosing may result in insulin ‘stacking’ and late postprandial hypoglycaemia. In

the semi closed-loop approach, information on size and timing of meals is provided

to the algorithm and prandial insulin is calculated and administered manually, with

fully closed-loop control at other times.

Twelve adolescents were evaluated in a randomised crossover study using MPC-

driven closed-loop over 36 hours, mimicking a typical day at school.[107] Compared

with conventional pump therapy, closed-loop improved overall time in target glucose

(3.9 − 10.0 mmol/l) from 49% to 84%, with 100% time in target overnight. Daytime

hypoglycaemia associated with exercise and postprandial periods occurred during

both interventions, although closed-loop prevented nocturnal episodes. Evaluation

of closed-loop with meal announcement over 22 hours in ten women with type 1

diabetes during pregnancy demonstrated feasibility and safety in early and late ges-

tation with no occurrence of hypoglycaemia.[108]

1.5.6.4 Closed-loop without meal announcement

Feasibility of fully-closed-loop was first evaluated using a PID algorithm over 29

hours in 10 adults showing 75% time in target (3.9 − 10.0 mmol/l), compared with

63% during ‘open loop’ at home.[91] A ‘hybrid’ closed-loop system was tested in 17

children using a PID algorithm with manual administration of a priming (25 − 50%

of the total) bolus 10− 15 minutes before each meal. Compared with fully automated

closed-loop, semi closed-loop resulted in lower mean (7.8 mmol/l versus 8.3 mmol/l)

and postprandial peak (10.8 mmol/l versus 12.6 mmol/l) glucose levels.[111] This ap-

proach was evaluated in eight adults using PID control with insulin feedback over 30

hours, with a manual insulin bolus of 2U delivered at the start of each meal.[85] Al-

though satisfactory mean postprandial glucose levels were achieved (< 10 mmol/l),

hypoglycaemia was not eliminated and supplemental carbohydrates were adminis-

tered on eight occasions.

Administration of pramlintide prior to meals is being evaluated in a closed-loop

system using PID control with insulin feedback over 24 hours.[121] Preliminary re-

sults showed a delayed time to (2.5 hours versus 1.5 hours) and reduced magnitude
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of (4.9 mmol/l versus 6.3 mmol/l) peak glucose following lunch and dinner with the

addition of pramlintide, compared with closed-loop insulin delivery alone.

A feasibility study employing fuzzy logic control in a fully closed-loop system

(MD-Logic Artificial Pancreas system) in seven adults with type 1 diabetes over eight

(12 occasions) or 24 hours (two occasions) demonstrated 73% of sensor values be-

tween 3.9 − 10.0 mmol/l with no symptomatic hypoglycaemia.[110] Further valida-

tion of this approach is forthcoming.

1.5.6.5 Dual hormone closed-loop

Glucagon may reduce the risk of hypoglycaemia more effectively than discontinua-

tion of insulin delivery in a closed-loop system, due to its faster onset of action com-

pared with the offset of insulin action.[122] The glucagon response to low glucose

levels is gradually lost in type 1 diabetes. Co-administration of glucagon as part of a

closed-loop system was evaluated in 11 adults during 24 hours of fully closed-loop

control using an adaptive MPC algorithm.[112] Six subjects achieved mean blood

glucose of 7.8 mmol/l with no hypoglycaemic events. Five subjects experienced hy-

poglycaemia requiring treatment, attributed to slower insulin absorption (time to

peak plasma insulin 117 minutes versus 64 minutes for the other six subjects). Sub-

sequent adjustment of the algorithm’s insulin pharmacokinetic parameters averted

further hypoglycaemia, although at a cost of a higher mean glucose of 9.1 mmol/l.

Dual glucagon and insulin delivery was evaluated in 11 subjects in a semi closed-

loop system under fading memory proportional derivative control with manual de-

livery of 50 − 75% of the bolus pre-meals, demonstrating 63% lower time spent in

hypoglycaemia compared with insulin alone.[83] Compared with low gain, glucagon

delivered using high gain parameters (pulses over five to ten minutes followed by

a 50-minute off period) reduced frequency of hypoglycaemia even further. There

was only one report of nausea and vomiting, during a low gain study. Of note, much

lower doses of glucagon (0.05− 0.1mg) were delivered by closed-loop at any one time,

compared with the 1mg dose used as emergency treatment for hypoglycaemia. Limi-

tations of glucagon use include its instability and tendency to form amyloid fibrils in

solution, which may be reduced by use of an alkaline preparation. Another drawback

is the depletion of liver glycogen stores with repeated administration, which may

limit the ability of glucagon to prevent hypoglycaemia in a closed-loop system.[122]
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1.5.6.6 Closed-loop intraperitoneal insulin delivery

The major limitations of the subcutaneous-subcutaneous approach are the delays

in insulin delivery and glucose sensing. A closed-loop system combining an im-

plantable intraperitoneal pump with intravenous CGM placed in the superior vena

cava was tested in four patients: sensor failure occurred in one subject, and glucose

levels were maintained between 4.4 − 13.3 mmol/l in the remaining three for 84%

of the time.[123] Closed-loop intraperitoneal insulin delivery using PID control and

subcutaneous glucose sensing was evaluated in a randomised study over two days

in eight adults.[113] Excluding the early postprandial periods, closed-loop improved

time spent in the 4.4 − 6.6 mmol/l range (46% versus 29%) and lowered mean glu-

cose (6.9 mmol/l versus 7.9 mmol/l) with no difference in time spent hypoglycaemic,

compared with conventional CSII.

1.5.6.7 Simulators

Compared with clinical studies, which are time consuming and costly to perform,

computer-based simulated studies enable rapid systems evaluation without require-

ment for ethical or regulatory approvals.[124] Simulators enable evaluation of the

effect of various parameters or scenarios that may be encountered in real life such

as sensor errors, pump occlusion, hypoglycaemic episodes, exercise, errors in car-

bohydrate estimation and unannounced meals. In 2008, the USA Food and Drug

Administration approved an in silico simulation environment as an alternative to an-

imal trials for pre-clinical closed-loop studies.[125]

1.6 Thesis outline

In this thesis, I present the first randomised controlled closed-loop studies in adults

and pregnant women with type 1 diabetes.

Chapter 2 describes a pilot study in 12 adults with type 1 diabetes evaluating

the feasibility of overnight closed-loop insulin delivery. Subjects attended a clinical

research facility for two overnight stays - on one night, closed-loop was commenced

at 19:00 following a standard evening meal (60g carbohydrate) and continued until

08:00 the following morning; on the other night subjects remained on their usual

insulin pump regimen overnight.

Chapter 3 describes a follow-up study in twelve new adults. Following on from

the feasibility study, I wanted to evaluate the efficacy of closed-loop under more chal-
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lenging situations that people with type 1 diabetes may face in their day to day lives.

One such scenario is consuming a large meal and alcohol on an evening out, associ-

ated with increased risk of postprandial hyperglycaemia and delayed hypoglycaemia,

respectively. Subjects consumed a 100g-carbohydrate evening meal accompanied by

a moderate amount of white wine (mean 564ml) on two occasions. Closed-loop was

applied from 22:00 until lunchtime the next day on one visit, and usual pump therapy

continued on the other visit.

In Chapter 4, I describe the first randomised study in pregnant women with type

1 diabetes comparing closed-loop insulin delivery with conventional CSII, during

normal daily activities. Maintenance of tight glycaemic control during pregnancy

is critical to achieving favourable obstetric outcomes. Daytime control may be es-

pecially challenging as a result of the fluctuations in glucose levels that occur with

meals and physical activity. Twelve women were evaluated over 24 hours on two vis-

its, including meals, snacks, low intensity self-paced walks and moderate intensity

exercise.

As part of the closed-loop study presented in Chapter 4, women were asked to

wear an accelerometer and glucose sensor during study visits and at home for up to

three days, enabling objective collection of data which was analysed retrospectively.

Chapter 5 describes results on activity patterns, physical activity energy expendi-

ture and glucose control in ten pregnant women during free-living, compared with

controlled meals and scheduled exercise during a 24 hour period in hospital.

In Chapter 6, I present an assessment of the accuracy of continuous glucose moni-

toring during moderate intensity exercise in 12 pregnant women with type 1 diabetes,

undertaken as part of the closed-loop study discussed in Chapter 4. Glucose sensor

values were evaluated against plasma glucose (reference) measured during afternoon

and morning sessions of brisk treadmill walking, and compared with sedentary con-

ditions.

Chapter 7 summarises the results of my studies including strengths and limita-

tions, and discusses future plans. I also present the challenges to be overcome prior

to introduction of closed-loop into clinical practice.
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Chapter 2

Feasibility of overnight closed-loop

insulin delivery

2.1 Background

Maintenance of normal glucose concentrations may significantly reduce diabetes-

related complications. However, tight control is associated with an increased risk of

hypoglycaemia,[50] such that episodes of and/or the fear of hypoglycaemia limit the

ability of patients and their families to achieve target glucose levels.[126] A recent

survey of CSII-treated adults in the UK found that 27% had substantial fear of hy-

poglycaemia, but this was not correlated with higher HbA1c.[127] The experience of

hypoglycaemia can have several negative effects, including a feeling of loss of con-

trol and heightened anxiety. This may lead to over-compensatory behaviours such as

taking less insulin or overeating, resulting in increased blood glucose variability. In

the DCCT, intensive therapy lowered mean absolute HbA1c by 2% and mean blood

glucose by 5 mmol/l, but also increased the risk of severe hypoglycaemia threefold.

Risk factors included low HbA1c, prior history of severe hypoglycaemia, missed

meals and change in insulin dose.[119]

Patients with type 1 diabetes suffer two symptomatic episodes of hypoglycaemia

per week on average and at least one episode of severe hypoglycaemia, defined as

an event requiring assistance of another person to administer rescue treatment, per

year.[128; 129] Risk factors for hypoglycaemia include excess or ill-timed therapeu-

tic insulin, decreased exogenous glucose (e.g. missed meals, overnight), increased

glucose utilisation (e.g. exercise, pregnancy), decreased endogenous glucose pro-

duction (e.g. alcohol ingestion), and changes in insulin sensitivity (e.g. weight loss,
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exercise).[130]

Hypoglycaemia in healthy individuals is associated with several defence mecha-

nisms including reduced insulin release, and increased glucagon, epinephrine and

cortisol secretion. Onset of neuroglycopaenic symptoms including palpitations,

tremor, sweating and hunger result in carbohydrate ingestion. In type 1 diabetes,

elevated therapeutic insulin levels, an absent rise in glucagon and a higher glycaemic

threshold for release of adrenaline contribute to severely compromised counter-

regulatory responses to hypoglycaemia. In addition, almost 25% of patients develop

hypoglycaemia unawareness, associated with longer disease duration and increased

frequency of hypoglycaemic episodes, where there is loss of the autonomic warn-

ing symptoms of low glucose.[130] The presence of hypoglycaemia unawareness in-

creases the risk of severe hypoglycaemia six-fold.[131] In the DCCT, 36% of all day-

time episodes of severe hypoglycaemia occurred without any warning signs.[119]

Counter-regulatory responses to hypoglycaemia, including epinephrine release,

are reduced during sleep.[132] Hypoglycaemia may impair arousal from sleep,[133]

although this was not observed in a more recent study.[134] In the DCCT, 55% of se-

vere hypoglycaemia events occurred during sleep, predominantly between midnight

and 08:00.[119] Overall, 70% of episodes occurred either during sleep or without

recognition of warning symptoms of hypoglycaemia, with no difference between in-

tensive and standard therapy. In the multicentre JDRF CGM trial, hypoglycaemia

occurred on 8.5% of 36,467 nights, with 23% of episodes lasting two hours or more

and only 3% of patients not experiencing any nocturnal hypoglycaemia.[135] Notably,

there was no difference between MDI and CSII-treated patients. Hypoglycaemia risk

was correlated with lower HbA1c and higher frequency of hypoglycaemia at baseline.

Nocturnal hypoglycaemia may be associated with cardiac rhythm disturbances,

including sinus bradycardia and ectopics.[136] In extreme cases, sudden death may

result. This phenomenon, termed ‘dead in bed’ syndrome, was first described in 1991

and is thought to be responsible for 6% of deaths in patients with type 1 diabetes

younger than 40 years of age.[137] Postulated mechanisms include prolongation of

the cardiac QTc interval, reduction in extracellular potassium, increase in intracellular

calcium, and excess sympathetic activity. The risk of cardiac arrhythmia is increased

in the presence of autonomic neuropathy and pre-existing cardiac disease, and may

be correlated with male gender, elevated HbA1c, high insulin doses and low body

mass index.[138] However, the discordance between prevalence of hypoglycaemia

and sudden death suggests other contributory factors such as genetic predisposition.

Severe hypoglycaemia may infrequently result in seizures.[129] The risk of seizure
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is increased two to four hours after onset of nocturnal hypoglycaemia.[46] The short

and long term consequences of hypoglycaemia on cognitive function are not well un-

derstood. Fatigue and an impaired sense of well-being have been observed the morn-

ing following overnight hypoglycaemia.[139] Although negative long term effects of

hypoglycaemia have been reported,[140] a follow up study to the DCCT found no

evidence of decline in cognitive capacity after 18 years in 85% of enrolled patients,

despite relatively high rates of severe hypoglycaemia.[141]

2.2 Rationale

Improving glucose control whilst asleep, when risk of hypoglycaemia is greatest and

the counter-regulatory response to hypoglycaemia is blunted, may be of considerable

benefit. The emergence of new technologies including smart insulin pumps and CGM

has contributed to improved diabetes care. Despite such advances, existing insulin

replacement regimens commonly fail to achieve optimal glycaemic targets.[55] Fine

tuning of insulin regimens is only feasible during the daytime whilst awake. CGM

provides detailed information in real-time on glucose values and trends, including

direction and rate of change.[37] The benefits gained from CGM are dependent on

compliance with wearing the device as well as the ability of the user to correctly

interpret the glucose values and make appropriate lifestyle and therapy modifica-

tions. This is not practical during the night whilst asleep when the majority of severe

hypoglycaemia events in adults are reported to occur.[119] Despite the ability to set

individual alarms for impending hypoglycaemia, the majority of CGM alarms are

not heard by the wearer during sleep.[45]

Combining insulin pumps and glucose sensors may improve diabetes control.[33]

However, this still demands considerable patient participation and even the most

diligent patients may struggle to achieve optimal glycaemic control. The requirement

for multiple testing and adjustment of insulin infusions may be minimised with an

artificial pancreas or closed-loop insulin delivery system, which combines real-time

continuous glucose sensing with subcutaneous insulin pump delivery, directed by a

control algorithm. Use of closed-loop overnight, when glycaemic control is not com-

plicated by meals or physical activity, may be a realistic first step. Such a system has

been evaluated in young people with type 1 diabetes, demonstrating improvement

in overnight glucose control and reduced nocturnal hypoglycaemia.[104] There are

no randomised studies evaluating closed-loop insulin delivery in adults with type 1

diabetes.
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2.3 Aim

The aim of this study was to assess the feasibility and efficacy of overnight closed-

loop insulin delivery compared with conventional continuous subcutaneous insulin

infusion (CSII) in adults with type 1 diabetes, in a controlled setting.

2.4 Methods

2.4.1 Participants

Between February and July 2009, 13 patients were recruited from the adult diabetes

outpatient clinic at Addenbrooke’s Hospital, Cambridge, UK to take part in the study

conducted at the Wellcome Trust clinical research facility, a purpose-built research

unit at Addenbrooke’s Hospital. The study protocol was approved by the Cam-

bridgeshire Research Ethics Committee, and carried out in accordance with the Dec-

laration of Helsinki. Written informed consent was obtained from each participant.

The eligibility criteria for participation included adults (aged 18 to 65 years in-

clusive) with type 1 diabetes (World Health Organisation definition) for at least six

months, and on insulin pump therapy for at least three months prior to the start of

the study. Patients were excluded if they had non-autoimmune diabetes, major con-

ditions or concurrent medications likely to interfere with interpretation of the results,

clinically significant diabetes-related complications or recurrent severe hypoglycae-

mia.

2.4.2 Study design

The study had a randomised crossover design (Figure 2.1). Once consented, partici-

pants were randomised to the order in which two overnight studies were performed,

during which glucose levels were controlled either by conventional CSII (control), or

by computer-based algorithm (closed-loop). In between study nights, self-adjustment

of CSII was permitted, although not encouraged.

Subjects underwent a period of optimisation of glycaemic control at least two

weeks prior to the first study night, where they were asked to wear a FreeStyle Nav-

igator CGM (Abbott Diabetes Care, Alameda, CA, USA) for up to five days (Figure

1.1). The device was inserted either in the clinic or at the subject’s home, and instruc-

tions on use of the device, including alarms and timing of calibrations, were provided

to each subject. The CGM data was downloaded and reviewed by the pump clinician
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Figure 2.1: Timeline of study procedures
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Notes: Closed-loop and control (CSII) interventions were carried out in random order,
with a one to three week interval between visits.

and pump educator, and participants were subsequently advised if any changes to

their insulin pump schedule were required.

One to two days prior to each study night, the sensor was reinserted, in the

blinded mode, hence subjects were unable to use CGM to make alterations to their

insulin regimen.

On arrival at the clinical research facility, the subject’s insulin pump was dis-

connected and the study pump Deltec Cozmo (Smiths Medical, St Paul, MN, USA)

connected to the established subcutaneous insulin infusion site delivering rapid act-

ing insulin analogue Aspart (Novo Nordisk, Bagsvaerd, Denmark). An intravenous

cannula was inserted into an antecubital vein for blood sampling of plasma glucose

and plasma insulin, at 15 and 30 minute intervals respectively, from 18:30 until study

completion at midday the following day. Closed-loop was applied from 19:00 until

08:00. On the control night, subjects continued their usual insulin pump regimen.

On both nights, following the meal at 19:00, subjects were able to relax (e.g. read,

watch television, work on a computer) in the clinical research facility for the rest of
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the evening, and go to bed according to their preference. Subjects were allowed to

sleep until breakfast at 08:00. The nursing staff were careful to avoid disturbing the

subjects when taking blood samples from the cannula overnight.

2.4.2.1 Meals and insulin bolus

On both study visits subjects consumed a 60g carbohydrate mixed meal (50% car-

bohydrate, 30% fat, 20% protein) at 19:00. Subjects made their choice prior to study

visits from a selection of five meals. The meals offered were similar to what might

be consumed at home, and were prepared in advance by dietetic staff in the hospi-

tal. The meals were identical on both study nights. The prandial insulin bolus was

determined manually by subjects, based on results of fingerprick glucose testing and

information on the size of the meal in grams carbohydrate, using their own pump

bolus wizard calculator or insulin-carbohydrate ratios. No additional input was pro-

vided by study clinicians. At 08:00, subjects consumed a breakfast meal of their own

choice with a corresponding insulin bolus also calculated manually. The breakfast

was matched on both visits. No snacks or caloric drinks were permitted in between

meals until the end of the study visit at midday. Meals and rescue carbohydrate

consumed for hypoglycaemia were announced to the algorithm.

2.4.2.2 Hypoglycaemia

Symptomatic hypoglycaemia or sensor readings below 3.0 mmol/l, confirmed with

plasma glucose measurement, were treated with 15g of quick-acting carbohydrate in

the form of Lucozade Energy drink (GlaxoSmithKline, UK) or orange juice. Plasma

glucose was repeated 15 minutes after rescue treatment and further 15g given if bio-

chemical or symptomatic hypoglycaemia persisted. Intravenous dextrose was avail-

able to treat persisting hypoglycaemia not responding to oral carbohydrates. If there

were more than two such episodes or if there was a single plasma glucose value

below 2.0 mmol/l, the study visit was discontinued.

2.4.2.3 Randomisation and blinding

Block randomisation was used, the sequence produced by a computer-generated ran-

dom code, to allocate subjects to the order in which they completed their algorithm

and control nights. The second visit was completed within one to three weeks in a

crossover design. Subjects were blinded to CGM and plasma glucose values on both

visits. Investigators were blinded to plasma glucose values only.
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Figure 2.2: Participant during closed-loop study

Notes: The Deltec Cozmo insulin pump and receiver component of the FreeStyle Navi-
gator glucose sensor are shown in the foreground, with the laptop computer running the
control algorithm in the background.

2.4.2.4 Closed-loop visit

The closed-loop system, shown in Figure 2.2, was employed for 13 hours in total,

from 19:00 until 08:00 the following day. Every 15 minutes, the sensor glucose value

was read and entered by the research nurse or clinician into a laptop computer at the

subject’s bedside, containing the algorithm. The insulin infusion rate to be delivered

over the next 15 minutes was computed by the algorithm, and subsequently adjusted

manually on the study pump.

• Continuous glucose sensor. The FreeStyle Navigator CGM (Abbott Diabetes

Care, Alameda, CA, USA), calibrated with capillary glucose measurements on

the inbuilt meter as per manufacturers’ instructions, was used. The sensor was

inserted at least 24 hours prior to each study visit, as the device had a run-in

period of 10 hours prior to displaying glucose values.

• Model Predictive Control (MPC) algorithm. An adaptive model predictive

control (MPC) algorithm designed at the University of Cambridge was used.

Versions 0.02.04.0 to 0.02.13.0 were used during the study. The MPC algorithm

employs a compartment model of glucose kinetics representing the effect of

rapid acting insulin and the amount of carbohydrate consumed on sensor glu-

cose excursions.[81] Information regarding subject’s body weight, total daily in-
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sulin dose, and basal insulin infusion rates are entered into the computer prior

to commencement of the algorithm. In real-time, sensor glucose measurements

are used to update two model parameters: an endogenous glucose flux correct-

ing for errors in model-based predictions, and carbohydrate bioavailability. A

combined model forecasts plasma glucose excursions over a 2.5 hour prediction

horizon. Insulin infusion is calculated to achieve the target glucose, which is set

at 5.8 mmol/l but may increase up to 7.3 mmol/l if model-based predictions

are considered less accurate. Intrinsic safety rules reduce insulin infusion to

prevent overdosing if required.

• Study pump. The Deltec Cozmo pump (Smiths Medical, St Paul, MN, USA)

was used on all study visits. Subjects were asked to replace their usual insulin

infusion set, normally changed every three days, approximately 24 hours prior

to each study visit. The rapid acting insulin analogue aspart (Novo Nordisk,

Bagsvaerd, Denmark) was used for all study visits to ensure comparability.

Subjects usually on insulin lispro (Eli Lilly, Indianapolis, USA) were asked to

switch to aspart at least 24 hours prior to each study visit.

2.4.2.5 CSII visit

On the CSII visit, subjects continued their insulin pump regimen, similar to a night

at home. On arrival for the study visit, usual pre-programmed basal infusion rates

were entered into the study pump which was used for insulin delivery from 19:00

until 12:00 the following day.

2.4.3 Measurements

Whole blood samples for glucose and insulin were immediately centrifuged and

stored frozen for later analysis. Plasma glucose was measured on a Yellow Springs

International YSI 2300 STAT Plus analyser (YSI Ltd, Farnborough, UK). The intra-

assay coefficient of variation (CV), was 1.5% at 4.1 mmol/l. Plasma glucose values

were not used to change insulin doses for delivery during closed-loop, with infu-

sion rates calculated based on sensor glucose readings alone. Plasma insulin was

measured using an immunochemiluminometric assay (Invitron Ltd, Monmouth, UK)

which had a mean intra-assay CV of 4.7% and inter-assay CV of 7.2 − 8.1% between

3.3 − 133 mU/l.
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2.4.4 Statistical analysis

2.4.4.1 Power calculation

The power calculation was based on results of the study of closed-loop in children

with type 1 diabetes.[104] Assuming a similar standard deviation of 40% and a two

sided significance level of 0.05, a sample size of 12 provided 80% power to detect an

absolute increase in proportion of time spent in target glucose (3.9 − 8.0 mmol/l) of

37% (from 26% during CSII to 63% during closed-loop).

2.4.4.2 Efficacy endpoints

The primary outcome measure was proportion of time spent with plasma glucose

in target range defined as 3.9 − 8.0 mmol/l, between 19:00 and 08:00. Secondary

outcomes were time spent below (< 3.9 mmol/l) and above (> 8.0 mmol/l) tar-

get, mean glucose, and glycaemic variability as measured by standard deviation of

overnight glucose. In addition, the low blood glucose index and high blood glucose

index assessing the duration and extent of hypo- and hyperglycaemia, respectively,

were calculated.[97] Mean basal insulin infusion rate and plasma insulin concentra-

tion were measured to enable comparison of insulin delivery on both study visits,

and provide information on insulin kinetics. Secondary outcomes were calculated

using plasma and sensor (CGM) glucose, for the following time periods:

• Overall period (19:00-08:00). On closed-loop visits, the ‘overall period’ was de-

fined as the interval from commencement of the algorithm at 19:00 with the

evening meal until discontinuation at 08:00 the following morning. On CSII

visits, this was defined as the corresponding period in time when subjects con-

tinued their usual CSII regimen.

• Overnight period (00:00-08:00). On closed-loop visits, the ‘overnight period’

was defined as the period from midnight until discontinuation of the algorithm

at 08:00. This period was chosen as it was several hours after the prandial

insulin bolus, hence allowing evaluation of performance of closed-loop with

minimal influence of bolus insulin. On CSII visits, this was the corresponding

period in time when subjects continued their usual CSII regimen.

• Morning period (08:00-12:00). On closed-loop visits, the ‘morning period’ was

defined from 08:00 when subjects discontinued the algorithm and resumed their
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usual CSII regimen, until study end at midday. On CSII visits, subjects contin-

ued their usual CSII regimen from 08:00 until study end. This period was

chosen as it enabled evaluation of any persisting effect of the algorithm on

glycaemic control after its discontinuation.

Plasma glucose values were interpolated to one minute between each 15 minute

sample. Missing plasma glucose values were also interpolated when measurements

were available before and after the missing value. Analyses were carried out using

SPSS, Version 15 (SPSS Inc, Chicago, IL, USA). Each set of outcome data was as-

sessed for normality using Q-Q plots. For normally distributed results, values are

given as mean and standard deviation and evaluated using two-sided paired t-tests.

For non-normal distributions, median and interquartile range were calculated with

significance levels analysed using the Wilcoxon non-parametric t-test. Statistical sig-

nificance was indicated by p < 0.05. Individual paired sensor and reference glucose

values were plotted using the Clarke error grid analysis.[10]

2.5 Results

Of the 32 patients that were screened, 13 subjects were enrolled. One subject dropped

out after their first study visit, hence was replaced, and their results not included in

further analyses.

The subject demographics are summarised in Table 2.1. The mean HbA1c, mea-

sured within three months of study commencement, ranged from 7.1% to 8.7%. The

average duration of type 1 diabetes ranged from 3.9 to 35.4 years, and mean time on

CSII therapy from 0.4 to 13.3 years. The average time between study visits was 14 ±

7 days.

2.5.1 Primary outcome

The primary outcome measure of time spent with plasma glucose values in target

(3.9 − 8.0 mmol/l) between 19:00 and 08:00 was 81% during closed-loop compared

with 57% during conventional CSII; p = 0.012 (Table 2.2).

Figure 2.3 displays the proportion of glucose values within, below and above

target (3.9 − 8.0 mmol/l) for the overall study period during both interventions. As

indicated by the numbers at the top, there was a greater probability of glucose being

within target during closed-loop (72% versus 52%) and lower probability of being in

hypoglycaemic or hyperglycaemic range (Figure 2.3).
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Table 2.1: Demographics of 12 participants

Characteristic Number of subjects Mean Standard deviation

Sex (male/female) 5/7
Age (years) 37.7 8.5
Body mass index (kg/m2) 24.6 2.6
Weight (kg) 72.8 9.3
HbA1c (%) 7.8 0.5
Duration of diabetes (years) 21.5 10.1
Duration on pump (years) 2.9 3.5
Insulin used (aspart/lispro) 4/8
Total daily insulin (U) 38.2 10.4
Total daily basal (U) 18.3 6.6
Total daily bolus (U) 19.9 6.6
Total daily insulin/kg (U) 0.5 0.1

Table 2.2: Time spent with plasma glucose in target during closed-loop and CSII, for
overall, overnight and morning periods

3.9 < Plasma glucose ≤ 8.0
mmol/l (%)

Period Median Interquartile range

Overall
(19:00-08:00)

CL 81 (50,95)

CSII 57 (36,81)

P-value 0.012*

Overnight
(00:00-08:00)

CL 89 (66,100)

CSII 48 (33,92)

P-value 0.007*

Morning
(08:00-12:00)

CL 62 (20,95)

CSII 22 (2,32)

P-value 0.041*

Notes: * Denotes statistical significance at the 5% level.
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Figure 2.3: Distribution of plasma glucose during closed-loop and CSII
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2.5.2 Secondary outcomes

2.5.2.1 Average glucose and variability

Secondary analysis of the period from midnight to 08:00 demonstrated greater effi-

cacy of closed-loop, with 89% of time spent in target plasma glucose range compared

with 48% during CSII (Table 2.2).

There was no difference in the mean overnight plasma glucose; 6.7 mmol/l versus

6.8 mmol/l; p = 0.941 (Table 2.3). The median plasma glucose trends during closed-

loop and CSII visits were similar and remained within target range between 19:00

and 08:00 (Figure 2.4).

The overall standard deviation of plasma glucose, indicating glycaemic variability,

was significantly lower during closed-loop; 1.2 mmol/l versus 1.7 mmol/l; p = 0.003

(Table 2.3). This is illustrated in Figure 2.4 by the interquartile range of glucose

which was similar between closed-loop and CSII in the first few hours following

the evening meal, but was considerably narrower during overnight closed-loop from
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Figure 2.4: Plasma glucose profiles during closed-loop and CSII
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approximately 02:00 until 08:00.

Secondary outcomes calculated using sensor glucose are summarised in Table 2.4.

Using sensor glucose as an outcome measure indicated an even higher time in target

during closed-loop (93%) compared with CSII (63%).

Individual plasma and sensor glucose profiles for each subject are shown in Ap-

pendix A.

2.5.2.2 Hypoglycaemia

Closed-loop insulin delivery halved the low blood glucose index; 0.8 versus 1.7, p =

0.019 (Table 2.3). Additionally, there was a non-significant reduction in time spent

below 3.9 mmol/l during closed-loop; 2% versus 4%, p = 0.066. No time was spent

below 3.0 mmol/l during either intervention (Figure 2.3). Overall, there were five

plasma glucose values below 3.0 mmol/l during closed-loop and 15 on CSII (Table

2.5). After midnight, there were no plasma glucose measurements below 3.5 mmol/l

during closed-loop compared with 37 (9.4%) during CSII. The lowest recorded plasma
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Table 2.3: Plasma glucose outcomes during closed-loop and CSII, for overall, overnight and morning periods

Overall (19:00-08:00) Overnight (00:00-08:00) Morning (08:00-12:00)

CL CSII P-value CL CSII P-value CL CSII P-value

Plasma glucose at 6.6 ± 1.9 6.9 ± 3.4 0.776 — — — — — —
start of CL (mmol/l)

Mean plasma 6.7 ± 1.4 6.6 ± 1.3 0.889 6.7 ± 1.3 6.8 ± 2.2 0.941 8.2 ± 2.2 9.3 ± 2.0 0.244
glucose (mmol/l)

Standard deviation of 1.2 1.7 0.003* 0.9 1.0 0.480 1.3 1.5 0.050*
plasma glucose (mmol/l) (1.0,1.4) (1.4,2.5) (0.6,1.2) (0.5,1.9) (0.6,2.1) (1.1,2.3)

3.9 < Plasma glucose ≤ 8.0 81 57 0.012* 89 48 0.007* 62 22 0.041*
mmol/l (%) (50,95) (36,81) (66,100) (33,92) (20,95) (1.7,32)

Plasma glucose 0 0 0.225 0 0 0.285 0 0 0.317
< 3.0 mmol/l (%) (0,0) (0,7) (0,0) (0,0) (0,0) (0,0)

Plasma glucose 2 4 0.066 0 0 0.225 0 0 0.600
≤ 3.9 mmol/l (%) (0,8) (0,27) (0,2) (0,25) (0,0) (0,12)

Plasma glucose 10 24 0.117 2 22 0.018* 34 75 0.110
> 8.0 mmol/l (%) (1,48) (14,46) (0,30) (0,67) (0,80) (53,98)

Low blood 0.8 1.7 0.019* 0.1 0.5 0.092 0.0 0.0 0.674
glucose index (0.0,1.9) (0.4,4.9) (0.0,1.2) (0.1,5.4) (0.0,0.5) (0.0,1.6)

High blood 1.0 1.4 0.306 0.8 1.1 0.091 1.6 7.4 0.050*
glucose index (0.3,3.0) (0.9,4.4) (0.2,1.9) (0,5.1) (0.5,7.7) (3.4,12.0)

Notes: Data are mean ± standard deviation or median (interquartile range). * Denotes statistical significance at the 5% level.
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Table 2.4: Sensor glucose outcomes during closed-loop and CSII, for overall, overnight and morning periods

Overall (19:00-08:00) Overnight (00:00-08:00) Morning (08:00-12:00)

CL CSII P-value CL CSII P-value CL CSII P-value

Sensor glucose at 6.6 ± 1.9 6.6 ± 2.4 0.859 — — — — — —
start of CL (mmol/l)

Mean sensor 6.6 ± 0.7 6.7 ± 1.3 0.814 6.5 ± 0.7 6.4 ± 2.2 0.695 8.1 ± 1.7 9.0 ± 2.0 0.272
glucose (mmol/l)

Standard deviation of 1.0 1.4 0.071 0.8 0.7 0.480 1.1 1.3 0.239
sensor glucose (mmol/l) (0.7,1.3) (1.0,2.5) (0.5,0.9) (0.7,1.6) (0.6,1.8) (1.1,1.7)

3.9 < Sensor glucose ≤ 8.0 93 63 0.004* 99 49 0.005* 68 21 0.158
mmol/l (%) (82,100) (46,75) (82,100) (32,78) (16,95) (3,67)

Sensor glucose 0 0 0.285 0 0 0.180 0 0 0.317
< 3.0 mmol/l (%) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0)

Sensor glucose 0 2 0.123 0 1 0.075 0 0 0.109
≤ 3.9 mmol/l (%) (0,4) (0,27) (0,0) (0,42) (0,0) (0,2)

Sensor glucose 4 17 0.021* 0 13 0.028* 32 77 0.272
> 8.0 mmol/l (%) (0,16) (11,38) (0,18) (0,62) (5,84) (31,87)

Low blood 0.5 1.2 0.016* 0.4 1.5 0.021* 0.0 0.1 0.192
glucose index (0.2,0.9) (0.4,4.4) (0.0,0.6) (0.0,6.6) (0.0,0.1) (0.0,0.9)

High blood 0.5 1.2 0.018* 0.3 0.9 0.135 1.7 6.9 0.224
glucose index (0.2,0.9) (0.5,2.7) (0.2,0.8) (0.0,3.9) (0.5,7.4) (1.8,11.5)

Notes: Data are mean ± standard deviation or median (interquartile range). * Denotes statistical significance at the 5% level.
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Table 2.5: Plasma glucose values in hypoglycaemic range during closed-loop and
CSII for overall (19:00-08:00) and overnight (00:00-08:00) periods

Overall Overnight
N = 636 N = 396

Plasma glucose CL CSII CL CSII
(mmol/l) n % n % n % n %

< 2.00 0 0.0 0 0.0 0 0.0 0 0.0
2.00− 2.49 2 0.3 3 0.5 0 0.0 0 0.0
2.50− 2.99 3 0.5 12 1.9 0 0.0 5 1.3
3.00− 3.49 4 0.6 41 6.4 0 0.0 32 8.1
3.50− 3.89 23 3.6 29 4.6 7 1.8 18 4.5
Total < 3.9 32 5.0 85 13.4 7 1.8 55 13.9

Notes: N denotes total number of plasma glucose values, and n denotes number of plasma
glucose values < 3.9 mmol/l, within the specified period.

glucose was 2.3 mmol/l and there were no values below 2.0 mmol/l during both

closed-loop and CSII visits.

During the total 24 study visits, there were seven hypoglycaemic events, defined

as plasma glucose < 3.0 mmol/l: two during closed-loop and five during CSII (Table

2.6 and Figure 2.4). Four episodes resolved spontaneously within an hour and three

were treated with 15 − 36g of quick-acting carbohydrate. There was no requirement

for intravenous dextrose infusion on any episode. Three events were asymptomatic,

two of which occurred in the middle of the night. Both episodes during closed-loop

occurred before midnight, and were likely related to the insulin bolus administered

with the evening meal.

Subject 1 had a hypoglycaemic episode on both their closed-loopand CSII vis-

its. These occurred at a similar time on both visits, within an hour of consuming

the evening meal, hence the hypoglycaemia was attributed to miscalculation of the

prandial insulin bolus. Subject 13 experienced two hypoglycaemic events on their

CSII visit, the second occurring six hours after the first treated episode. There was

one deviation from study protocol where a subject had hypoglycaemic symptoms

and self-treated with orange juice, despite advice that plasma glucose measured at

the time was 3.6 mmol/l and hence above the threshold for treatment. This was not

classified as an episode of hypoglycaemia.
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Table 2.6: Detail of all hypoglycaemia episodes

Study Subject Plasma glucose Time Duration Symptoms Treated CHO
visit (mmol/l) (min) (Yes/No) (Yes/No) (g)

CL 1 2.45 20:00 45 Y Y 36
CL 8 2.89 23:15 30 Y N
CSII 1 2.64 20:00 60 Y Y 18
CSII 3 2.91 06:15 15 N N
CSII 4 2.40 19:00 60 N N
CSII 13 2.75 22:45 30 Y Y 15
CSII 13 2.94 04:45 45 N N

Notes: CHO denotes rescue carbohydrates consumed.

2.5.2.3 Hyperglycaemia

The time spent with plasma glucose above 8.0 mmol/l overall was more than halved

during closed-loop; 10% versus 24%, p = 0.117 (Table 2.3). There was a greater pro-

portion of values in the higher glucose range (12− 14 mmol/l) during CSII compared

with closed-loop (Figure 2.3). After midnight, the benefit of closed-loop in reducing

hyperglycaemia was even greater, with less than 2% of time spent above 8.0 mmol/l

compared with 22% during CSII; p = 0.018. There were no plasma glucose val-

ues above 16.6 mmol/l overall. Using sensor glucose outcomes, the improvement in

time spent above target glucose during closed-loop was significant (4% versus 17%;

p = 0.021), in addition to a reduction in the high blood glucose index from 1.2 to 0.5;

p = 0.018 (Table 2.4).

2.5.2.4 Insulin

There was no difference in the hourly rate (0.7 U/h versus 0.8 U/h; p = 0.657)

or total amount of insulin infusion (9.6U versus 10.3U; p = 0.646) between closed-

loop and CSII visits overall (Table 2.7). However, there was much greater variability

in infusion rates during closed-loop compared with CSII, reflecting the pattern of

glucose-responsive insulin delivery employed by the model predictive control algo-

rithm. Median insulin infused is illustrated in Figure 2.5. Individual basal insulin

profiles for each subject are provided in Appendix A. The hourly insulin infusion

rates ranged from 0 − 2.6 U/h during closed-loop and 0.3 − 1.4 U/h during CSII.

The wider range of infusion rates delivered during closed-loop persisted after adjust-
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Table 2.7: Summary of plasma insulin and insulin infused during closed-loop and
CSII, for overall, latter, morning and postprandial periods

Plasma insulin Insulin Total insulin
concentration infusion administered

(pmol/l) (U/h) (U)

Period Median IQR Median IQR Median IQR

Overall
(19:00-08:00)

CL 76 (51,105) 0.7 (0.5,0.9) 9.6 (6.3,11.0)

CSII 96 (64,132) 0.8 (0.6,0.9) 10.3 (7.6,11.9)

P-value 0.060 0.657 0.646

Overnight
(00:00-08:00)

CL 51 (31,84) 0.8 (0.6,1.0) 6.3 (4.5,7.7)

CSII 70 (48,84) 0.8 (0.6,0.9) 6.7 (5.1,7.4)

P-value 0.480 0.875 0.875

Morning
(08:00-12:00)

CL 132 (83,159) 0.7 (0.5,1.2) 2.8 (1.8,4.8)

CSII 125 (76,165) 0.7 (0.5,1.2) 2.8 (1.9,4.9)

P-value 0.695 0.916 0.752

Postprandial
(19:00-21:00)

CL 154 (111,241) 0.4 (0.2,0.7) 0.8 (0.5,1.4)

CSII 174 (107,223) 0.6 (0.5,0.9) 1.2 (0.9,1.8)

P-value 0.638 0.028* 0.028*

Notes: *Denotes statistical significance at the 5% level.

ment for body weight (Figure 2.6).

The measured plasma insulin concentration was comparable on both visits (76

pmol/l closed-loop versus 96 pmol/l CSII; p = 0.060), providing further evidence of

the similar amount of insulin infused on both study visits (Table 2.7). The plasma

insulin peaks in Figure 2.7 correspond to the prandial insulin boluses taken for the

evening meal and breakfast. Variability of plasma insulin concentrations is illustrated

in Figure 2.7 by the interquartile range. This was greatest in the period following the

evening meal, particularly during CSII, and was likely related to the prandial insulin

bolus administered. Variability was much lower overnight, on both closed-loop and

CSII visits.
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Figure 2.5: Insulin infusion rates during closed-loop and CSII
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2.5.2.5 Postprandial control

The average quantity of carbohydrates consumed for dinner and breakfast on both

study visits are summarised in Table 2.8. One subject was unable to finish their

evening meal on one of their visits, consuming only 45g carbohydrate. The carbohy-

drate content of breakfast, which was self-selected, ranged from 27g to 74g amongst

subjects. The breakfast consumed on the first visit was matched on the second visit.

Eight subjects had a simple bolus within five minutes of commencing their evening

meal on both study visits (Table 2.9). Two subjects delayed administration of the in-

sulin bolus until after the meal on the CSII visit as their fingerprick glucose was

low. Two subjects chose a complex insulin bolus for both study visits: subject 11

used a dual wave, and subject 13 used a square wave bolus (Table 2.9). The mode of

insulin delivery was consistent with their standard practice at home, and the inter-
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2.5. RESULTS

Figure 2.6: Distribution of insulin infusion rates during closed-loop and CSII
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individual variation reflects the wide range of approaches that patients might use to

control postprandial glucose levels.

The mean peak plasma glucose measured after consumption of the evening meal

was 9.0 mmol/l during closed-loop and 10.2 mmol/l during CSII; p = 0.076 (Table

2.8). The average time to maximum glucose was over five hours for both visits. Of

note, basal insulin infusion in the postprandial period between 19:00 and 21:00 was

significantly lower during closed-loop; 0.4 U/h versus 0.6 U/h, p = 0.028 (Table 2.7

and Figure 2.5).

Notably, the peak in plasma insulin concentration following the evening meal oc-

curred earlier during closed-loop compared with CSII, corresponding to the prandial

insulin bolus administered (Figure 2.7). The average bolus was slightly higher on

closed-loop visits; 5.6U versus 5.2U on CSII, p = 0.177 (Table 2.8). The later peak

during CSII may be attributed to delayed time of administration of the prandial bo-

lus on two subjects’ CSII visits, according to their usual practice for low fingerprick

glucose (Table 2.9).

Following breakfast at 08:00, there was a sharp rise in plasma glucose, reach-

ing a higher peak during CSII (11.7 mmol/l versus 10.4 mmol/l; p = 0.233). Time
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Figure 2.7: Plasma insulin concentration profiles during closed-loop and CSII
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to peak was just under 90 minutes during both interventions, which is much faster

than observed with the evening meal. Glucose returned to target range below 8.0

mmol/l within 90 minutes after eating during closed-loop visits, but remained ele-

vated around 10.0 mmol/l until study end during CSII visits (Figure 2.4). Notably,

basal insulin infusion rates were identical between 08:00 and 12:00 on both visits, as

the algorithm was discontinued and subjects resumed their usual CSII at 08:00 on

closed-loop visits.

2.5.2.6 Period after closed-loop

The benefits of closed-loop persisted after being discontinued and standard CSII re-

sumed at 08:00, with time in target plasma glucose 62% on closed-loop visits com-

pared with only 22% on CSII; p = 0.041 (Table 2.2). Glycaemic variability (standard

deviation 1.3 mmol/l versus 1.5 mmol/l; p = 0.050) was also lower with closed-loop.

The time spent in hyperglycaemia was halved (34% versus 75%; p = 0.110), with

a significant reduction in the high blood glucose index (1.6 versus 7.4; p = 0.050).
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2.5. RESULTS

Table 2.8: Summary of insulin bolus and peak postprandial glucose for evening meal
and breakfast

Closed-loop CSII P-value

Evening meal
Carbohydrates (g) 60 ± 8 62 ± 6 0.339
Bolus (U) 5.6 ± 1.2 5.2 ± 1.3 0.177
Peak plasma glucose (mmol/l) 9.0 ± 1.8 10.2 ± 1.8 0.076
Time from start of meal (mins) 315 ± 264 338 ± 295 0.823

Breakfast
Carbohydrates (g) 47 ± 16 47 ± 16 1.000
Bolus (U) 4.3 ± 1.7 4.2 ± 2.0 0.843
Peak plasma glucose (mmol/l) 10.4 ± 2.8 11.7 ± 2.4 0.233
Time from start of meal (mins) 85 ± 63 88 ± 53 0.915

Notes: Data are mean ± standard deviation.

Table 2.9: Insulin bolus administered with evening meal for each subject

Closed-loop CSII

Subject Insulin Time of bolus Insulin Time of bolus
numbera (U) (hh:mm) (U) (hh:mm)

1 6.6 19:00 6.6 19:00
2 6.0 18:59 6.0 19:04
3 4.6 18:59 4.6 19:03
4 7.5 19:00 5.0 19:02
5 7.5 19:00 7.5 19:31
6 4.8 19:00 4.8 19:00
7 5.0 19:01 4.0 19:00
8 6.0 19:00 6.0 18:59
10 6.0 19:00 5.0 19:01
11 4.5b 19:00 5.4c 19:08
12 4.0 19:03 3.5 19:23
13 4.5d 19:03 6.0d 19:01

Notes: a Subject 9 withdrew from the study; b 2.15U at 19:00 and 2.35U over three hours
(dual wave); c 3.05U at 19:08 and 2.35U over three hours (dual wave); d Delivered over
two hours (square wave).

These benefits during closed-loop visits were seen despite identical amount of in-

sulin infused (2.8U; p = 0.752), substantiated by similar measured plasma insulin

concentrations; 132 pmol/l versus 125 pmol/l, p = 0.695 (Table 2.7).
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Figure 2.8: Clarke error grid analysis showing accuracy of FreeStyle Navigator CGM
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2.5.3 Sensor accuracy

The accuracy of the FreeStyle Navigator CGM (Abbott Diabetes Care, Alameda, CA,

USA), evaluated by the median relative absolute difference between paired sensor

and reference (plasma) glucose measurements, was 8.0% (4.5%, 19.3%) This is com-

parable with reported median RAD of 11.8% for the same device.[16] The Clarke

error grid analysis displays the paired sensor and reference glucose values (Figure

2.8). The majority of values were in the clinically acceptable zones A and B. Of the

values in the clinically unsafe zones, all were in zone D predominantly during hypo-

glycaemia.

2.6 Discussion

This is the first randomised closed-loop study in adults with type 1 diabetes, demon-

strating the feasibility and efficacy of overnight closed-loop insulin delivery follow-

ing a medium-sized evening meal in a controlled setting. Compared with conven-

tional CSII, closed-loop increased the time spent with glucose values in target range
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(3.9 − 8.0 mmol/l) by 24%. Glucose variability, which is associated with an increased

risk of complications of diabetes was also reduced.[48]

This study confirmed the safety of overnight closed-loop as indicated by the re-

duced low blood glucose index and a trend towards lesser time spent below 3.9

mmol/l. There were two episodes of hypoglycaemia during closed-loop, compared

with five during CSII. Both occurred before midnight and were likely related to the

prandial insulin bolus administered with the evening meal. There were no plasma

glucose values below 3.5 mmol/l after midnight during closed-loop. One of the fea-

tures of the model predictive control algorithm used is its ability to suspend insulin

delivery when sensor glucose levels are below 4.4 mmol/l or rapidly declining. As

fear of hypoglycaemia is reported as the major barrier to achieving optimal glycaemic

control, and the incidence of severe hypoglycaemia is higher during the overnight

period,[119] these results suggest a benefit of closed-loop in lowering the risk of oth-

erwise unrecognised and potentially severe nocturnal hypoglycaemia.

After midnight, the improvements in glucose control during closed-loop were

even greater, when time in target glucose increased by 41% and time spent above

8.0 mmol/l decreased by 20%. The model predictive control algorithm is an adaptive

system whereby current glucose measurements are used to update model parameters

such as insulin sensitivity, based on previous insulin infusion rates and carbohydrate

intake, resulting in real-time optimisation.[81] As a result, the effectiveness of closed-

loop increases with longer duration of use. Optimal glucose control prior to midnight

was influenced by the rise in glucose following the evening meal in addition to the

prandial insulin bolus administered which was calculated manually.

Significantly, the benefits of closed-loop persisted even after it was discontinued

at 08:00. This is similar to the time that patients using overnight closed-loop in the

home setting may disconnect from closed-loop on waking, and switch to ‘open loop’

CSII during the daytime. Between 08:00 and 12:00, time in target glucose during

closed-loop visits increased from 22% to 62%, and the time spent in hyperglycaemia

was halved. Remarkably, these improvements were seen even with identical insulin

infused (subjects’ usual CSII regimen) on both visits, and administration of an insulin

bolus calculated using subjects’ usual bolus calculators for breakfast at 08:00.

Use of closed-loop insulin delivery overnight is a likely intermediate step, prior

to fully closed-loop glucose control over 24 hours. Therefore it is encouraging that

the improvements overnight were sustained after discontinuation, especially as main-

taining glycaemic control during the morning period can be challenging with over

50% of patients with type 1 diabetes experiencing higher glucose levels.[142] In my
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study, during conventional CSII visits subjects spent 75% of time in hyperglycaemia

after breakfast. This is known as the dawn phenomenon, and may be associated with

growth hormone-induced impairment in insulin sensitivity in liver and muscle.

During CSII visits, only 57% of time overnight was spent in normoglycaemia. In

other words, nearly half the time was spent outside target glucose range, predomi-

nantly in hyperglycaemia. This is an important observation as hyperglycaemia is as-

sociated with increased risk of diabetes-related morbidity.[49] Although median time

spent below 3.9 mmol/l was only 4%, there were five episodes of hypoglycaemia,

in other words almost one episode every two nights. Notably, subjects did not un-

dertake any exercise following the evening meal and were in fact more sedentary in

the clinical research facility compared with being at home. One subject experienced

two hypoglycaemic events on their CSII visit, one episode occurred whilst awake in

the late evening and the second six hours later whilst asleep. Prior hypoglycaemia

is known to potentiate the risk of subsequent episodes.[130] No symptoms of hypo-

glycaemia were experienced for three of the events, two of which occurred overnight

at 04:45 and 06:15. This suggests that the incidence of nocturnal hypoglycaemia may

be even higher than that reported by patients at home. These observations indicate

that even with use of optimised insulin pump regimens in highly motivated patients,

current conventional therapies are unable to achieve ideal glycaemic targets.

Importantly, the improvements in overnight glycaemic control with closed-loop

were achieved without any requirement for additional insulin infusion. Distinct from

conventional CSII, the variable insulin infusion characteristic of closed-loop suggests

that the pattern and timing rather than total amount of insulin may be more relevant

to optimising insulin delivery (Figure 2.5).

One example of the glucose-responsive insulin delivery characteristic of closed-

loop systems was during the postprandial period. Following the evening meal, a

lower rate of insulin was infused during closed-loop in order to minimise the risk

of delayed postprandial hypoglycaemia associated with miscalculation of prandial

insulin or administration of multiple correction boluses resulting in insulin stacking.

Even with less basal insulin infused and similar prandial insulin boluses adminis-

tered, closed-loop achieved a lower peak postprandial plasma glucose (9.0 mmol/l

versus 10.2 mmol/l).

Interestingly, the average time to achieve peak glucose following the evening meal

was over five hours, in contrast to less than 90 minutes for breakfast. This indicates

the wide variation in absorption of ingested carbohydrate between the two meals,

which may be related to the size and macronutrient composition. These results may
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be useful to clinicians and patients when determining the amount and type of in-

sulin bolus (e.g. simple versus complex) to be administered for meals. Additionally,

this information may be valuable in the development of closed-loop algorithms for

postprandial glycaemic control.

One of the major strengths of this study was the crossover design where closed-

loop insulin delivery was compared with subjects’ usual CSII, thus eliminating inter-

individual variability in factors such as insulin sensitivity. The randomised order of

visits minimised confounding due to adjustment in insulin regimens between visits.

Notably, closed-loop insulin delivery was evaluated against maximally optimised

CSII which is the best possible insulin replacement currently available to patients

with type 1 diabetes.

Importantly, the algorithm used sensor glucose, rather than plasma glucose, to

generate the advice on insulin infusion rates, and the algorithm advice was always

followed. The study was carried out using commercially available insulin pumps and

glucose sensors. A single study pump was used to ensure comparability of insulin

delivery between visits. Rapid acting insulin analogue aspart was used in all subjects

to enable comparison of plasma insulin measurements. A single sensor was used

calibrated according to manufacturers’ instructions with no additional calibrations,

which is representative of real life. Sensor accuracy measured by the relative differ-

ence between paired sensor and reference glucose values was 8.0%, indicating much

better performance than previously reported.[16]

Although designed as a pilot feasibility study, the small numbers in addition to

the cohort of subjects studied limit applicability of the results to all subjects with type

1 diabetes. Another limitation was the lack of automation of the closed-loop system,

and hence the risk of operator error in entering CGM values and changing the insulin

pump infusion rates manually every 15 minutes.

Consumption of matched meals on both visits with no snacks or caloric drinks

in between the evening meal and breakfast enabled direct comparison of glucose

control. However, this may not be representative of a typical evening at home for

all patients. Other scenarios such as consuming a bedtime snack will likely have a

different effect on glucose excursions. The CSII visit may not have been a true rep-

resentation of glycaemic control in the home setting, even though subjects continued

their usual insulin regimen, as confounding factors including snacks and low inten-

sity physical activity such as housework are likely to have had an effect on glycaemic

control. Subjects were blinded to CGM during CSII visits and were hence unable

to make any changes based on CGM. This is important as the majority of patients
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currently rely on routine fingerprick glucose testing to manage their diabetes.

2.7 Conclusion

This pilot study confirmed the feasibility of overnight closed-loop insulin delivery

in adults with type 1 diabetes, demonstrating superior glycaemic control, compared

with conventional insulin pump therapy. Specifically, time in target glucose (3.9 − 8.0

mmol/l) and glycaemic variability were improved with a trend towards reduction in

hypoglycaemia. Notably, these benefits were achieved without any additional insulin,

and were sustained after discontinuation of closed-loop on waking in the morning.
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Chapter 3

Closed-loop insulin delivery after

evening meal and alcohol

3.1 Background

In health, postprandial glycaemic excursions are influenced by the pattern of in-

sulin secretion and its ability to stimulate glucose uptake and suppress endoge-

nous glucose production. In type 1 diabetes, relative insulin deficiency and a

lack of meal-induced suppression of glucagon secretion contribute to postprandial

hyperglycaemia.[143] The magnitude of glucose excursions following carbohydrate

consumption is dependent on various factors including meal size and composition,

as well as timing and amount of insulin administered. The resulting hyperglycae-

mia and accompanying glycaemic variability is associated with an increased risk of

diabetes-related complications.[48; 144]

The American Diabetes Association recommends a target postprandial glucose

below 10.0 mmol/l.[95] Accurate estimation of carbohydrates to be ingested is a cru-

cial component of diabetes management. Various structured education programmes

are available to patients with diabetes, one of which is ‘Dose Adjustment For Normal

Eating’ which has been linked with improved glycaemic control.[145]

Quality, in addition to quantity of carbohydrates consumed, also has an impact

on postprandial glycaemic excursions. Glycaemic index, which expresses the blood

glucose response after eating a standard amount of food relative to the response after

consuming the same amount of carbohydrate as glucose, has been shown to be a

stronger predictor of postprandial glucose and insulin responses compared with car-

bohydrate quantity alone.[146] Consumption of a low glycaemic index meal may be
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associated with lower glucose levels.[147] A meta-analysis of 14 randomised studies

found a small but significant improvement in HbA1c (0.43%) for diets with a lower

glycaemic index.[148]

Prandial insulin boluses may be estimated using a pump bolus wizard or similar

calculator, which is individualised with patients’ insulin sensitivity and insulin to

carbohydrate ratios, and requires entry of results of fingerprick glucose testing and

grams of carbohydrate to be consumed. Manual calculation using individualised

insulin to carbohydrate ratios may be more difficult and time consuming. For some

patients, the complexity of such tasks may lead to incorrect calculation or empirical

estimation, which can result in mismatch between carbohydrates and insulin and

subsequent increased risk of hyper- or hypoglycaemia. Delivery of the insulin bolus

itself may be overlooked: a study in Swedish adolescents found that over a third

had missed more than 15% of boluses, which was correlated with worse glycaemic

control.[149]

One of the major limitations of subcutaneous insulin delivery is the delay in time

to peak blood glucose lowering effect which may be 90 − 120 minutes with the cur-

rently available rapid acting insulin analogues.[93] These delays result in slower glu-

cose disposal with subsequent postprandial hyperglycaemia. This may prompt inad-

vertent administration of correction boluses and insulin stacking, thus increasing the

risk of delayed hypoglycaemia. Optimising timing of insulin bolus delivery may im-

prove postprandial control. Administration of rapid acting insulin as a simple bolus

15 to 20 minutes prior to eating has been shown to result in lower peak glucose and

greater time in target during conventional pump therapy, compared with delivery at

the beginning or after a meal.[150; 151] There are several novel approaches under de-

velopment targeting improved insulin pharmacokinetics, ranging from modifications

in insulin formulations to enhancement of the mode of delivery. These have been

reviewed in Section 1.4.3.

Alcohol plays a significant role in many social situations. Moderate alcohol con-

sumption in healthy individuals has been shown to be associated with lower post-

prandial glucose levels, improved insulin sensitivity and a 30% lower incidence of

type 2 diabetes.[152; 153] In patients with type 1 diabetes, alcohol in moderation

has been shown to have a beneficial effect on microvascular complications, includ-

ing neuropathy and retinopathy.[154] However, it is also associated with a signifi-

cantly higher risk of delayed or reactive hypoglycaemia.[155] The main mechanism

is inhibition of hepatic glucose production, which usually accounts for a significant

proportion of basal glucose production during hypoglycaemia in type 1 diabetes.
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Alcohol is metabolised in the liver by oxidation to acetaldehyde and acetate. This

process is dependent on the cofactor nicotinamide adenine dinucleotide, excess con-

sumption of which results in lower levels available for gluconeogenesis. Another

reason for hypoglycaemia may be administration of correction doses of insulin to

counter the initial rise in glucose levels that occurs when drinking alcohol. An im-

mediate and prolonged hypoglycaemic effect of alcohol was observed using CGM

following the ingestion of vodka or placebo in 16 adults with type 1 diabetes during

free-living.[156]

Alcohol can result in impairment of the counter-regulatory response to hypogly-

caemia. Clamp studies performed during hypoglycaemia with concurrent alcohol

consumption in 17 subjects with type 1 diabetes demonstrated an attenuated re-

sponse to growth hormone with no differences in glucagon, adrenaline and cortisol

levels.[157] The release of growth hormone in the counter-regulatory response to hy-

poglycaemia is especially important for patients with type 1 diabetes, as the response

to adrenaline is attenuated and glucagon secretion is absent. An inpatient study in six

young men with type 1 diabetes demonstrated lower fasting and postprandial glu-

cose levels with increased symptomatic hypoglycaemia the morning after an evening

of drinking alcohol.[158] Overnight secretion of growth hormone was also reduced.

In addition to the direct effects on glycaemic control, alcohol can impair judge-

ment which may result in lower self-management of diabetes, such as failing to detect

and treat a hypoglycaemic episode. Furthermore, hypoglycaemic symptoms may be

misinterpreted by others as alcohol intoxication. Alcohol consumption may exagger-

ate the cognitive impairment that occurs with more severe hypoglycaemia. This was

demonstrated during clamp studies in 17 subjects with type 1 diabetes, where con-

sumption of vodka resulted in impaired reaction times and cognitive performance

independent of glucose concentration.[159] Induction of hypoglycaemia in combina-

tion with alcohol led to further deterioration in all aspects of cognitive testing. Slower

reaction times, blunted hand tremor and increased sweating were demonstrated in a

study in healthy subjects and patients with type 1 diabetes, during hypoglycaemia

following moderate alcohol consumption.[160] Notably, only two out of the 15 par-

ticipants were aware of being hypoglycaemic after drinking alcohol compared with

11 after consuming the placebo drink.

There is high inter-individual variability in ethanol pharmacokinetics, influenced

by factors such as age, gender and ethnicity. In addition, intra-individual differences,

including consumption of food and variation in gastrointestinal function, specifically

gastric emptying, intestinal transit time, portal blood flow and hepatic first pass ex-
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traction have variable effects on the metabolic response to alcohol.[161] A study of

ethanol ingestion before or after an evening meal in healthy young males demon-

strated higher intra- and inter-subject variability in the fed state.[162] Other factors

include the strength, type and quantity of ethanol, and length of time spent drinking.

The influence of these multiple factors makes it challenging for people with type 1

diabetes to maintain normal glycaemic levels when drinking alcohol. Consumption

of alcohol without food can result in more severe hypoglycaemia due to alcohol-

induced suppression of gluconeogenesis, which is the main source of glucose in the

fasting state, in addition to depleted liver glycogen stores.[155]

Guidelines for alcohol consumption in patients with diabetes are similar to those

of the general population: the American Diabetes Association recommends a daily

maximum of one drink for women and two for men, while Diabetes UK advises a

daily limit of two units for women and three units for men. There is minimal evi-

dence regarding optimal insulin regimens when drinking alcohol. As such, patients

make adjustments based on personal experience and anecdotal evidence. A survey

of college students with type 1 diabetes found that the majority made no changes to

their diabetes regimen of students when drinking alcohol.[163]

3.2 Rationale

Conventional insulin pump therapy relies on pre-programmed basal infusion rates

and complex calculations for prandial insulin boluses, based on results of fingerprick

glucose testing and estimation of quantity of carbohydrate to be consumed. Incorrect

estimation, such as of foods not normally consumed, may lead to mismatch between

insulin and carbohydrates resulting in fluctuating glucose levels. Additionally, bolus

calculations are not able to take into account concurrent influences such as drinking

alcohol or physical activity which are associated with an increased risk of hypogly-

caemia. A closed-loop system linking continuous glucose monitoring with insulin

delivery using a model predictive control algorithm may provide safer glucose con-

trol following such situations. An algorithm incorporating meal announcement may

help overcome the delays associated with absorption of subcutaneously delivered

insulin and appearance of meal-related glucose in the bloodstream.

The feasibility study described in Chapter 2 confirmed the safety and efficacy of

overnight closed-loop insulin delivery overnight following a medium-sized evening

meal similar to that consumed at home. Several other common scenarios faced by

patients with type 1 diabetes in daily life may provide a greater challenge to gly-
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caemic control. These include eating a larger meal at a restaurant which may result

in postprandial hyperglycaemia, and drinking alcohol which is associated with a risk

of delayed hypoglycaemia.

3.3 Aim

The aim of this study was to evaluate the efficacy and safety of overnight closed-loop

insulin delivery, in particular the frequency of nocturnal or early morning hypogly-

caemia, following an evening of drinking alcohol accompanying a large meal, com-

pared with conventional insulin pump therapy (CSII), in adults with type 1 diabetes

in a controlled setting.

3.4 Methods

3.4.1 Participants

Twelve new participants, different from those enrolled in the feasibility study, were

recruited from the adult diabetes outpatient clinic at Addenbrooke’s Hospital, Cam-

bridge, UK. Inclusion and exclusion criteria were the same as those applied in the

feasibility study. Additional exclusion criteria included current pregnancy or breast-

feeding, poorly controlled diabetes defined by an HbA1c ≥ 10%, total daily insulin

dose ≥ 1.4 U/kg, and intolerance or inability to consume the necessary quantity

of alcohol as per the study design. The study protocol was approved by the Cam-

bridgeshire Research Ethics Committee, and carried out in accordance with the Dec-

laration of Helsinki. Written informed consent was obtained from each participant.

3.4.2 Study design

The study had a randomised crossover design similar to that of the feasibility study

described in Section 2.4.2. The timeline of procedures is shown in Figure 3.1. There

was no period of optimisation of insulin therapy prior to study commencement. Sub-

jects attended for a closed-loop visit, which involved inputs of glucose concentration

and insulin infusion rates into a computer programme and a manual pump setting

following advice of the algorithm output, and a control (usual CSII) visit. A glucose

sensor (blinded mode) was inserted one to two days prior to each study visit, and

subjects were asked to arrive at the clinical research facility at 18:30. Blood sampling
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Figure 3.1: Timeline of study procedures
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for glucose, insulin and ethanol commenced at 19:30 and continued until midday the

following day.

Between 20:30 and 22:00, subjects consumed a 100g carbohydrate mixed meal

(50% carbohydrate, 30% fat, 20% protein) accompanied by 0.75g ethanol per kg body

weight dry white wine (Chenin Blanc, South Africa, 13% alcohol volume). All meals

were prepared in advance on site in the hospital kitchen. The size of the meal and

quantity of alcohol consumed were identical on both study visits. The volume of

alcohol, which was based on a previous study evaluating wine consumption in young

men with type 1 diabetes,[158] was calculated as:

Volume (ml) =
Units

Alcohol by volume (%)
× 1, 000

where

Units =
Total quantity of ethanol (g)

8g
; and

Total ethanol (g) = 0.75 × Body weight (kg)
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For example, for a 70-kg subject:

Total ethanol = 0.75 × 70 = 52.5g

Units =
52.5

8
= 6.6U

Volume =
6.6
13

× 1, 000 = 505ml

An insulin bolus, calculated using the subjects’ usual bolus wizard calculator, was

administered concurrently. At 22:00, closed-loop was initiated and maintained until

12:00 the following day. On the control night, subjects continued their usual insulin

pump regimen.

Subjects were able to relax in the clinical research facility while having their meal

and wine, and went to sleep according to their preference. They were not permitted

any other food or caloric drinks until study completion at midday the following day,

thus simulating a late evening out and sleeping until lunchtime the next day. In

comparison with the feasibility study, the evening meal had a higher carbohydrate

content, more similar to a meal consumed when eating out at a pub or restaurant.

Episodes of hypoglycaemia were treated if the subject felt symptomatic with a

confirmed plasma glucose < 3.0 mmol/l. Plasma glucose below 2.0 mmol/l resulted

in discontinuation of the study visit.

3.4.2.1 Randomisation and blinding

A block randomisation procedure allocated subjects to the order in which they com-

pleted their algorithm and control nights. Subjects were blinded to CGM and plasma

glucose values on both visits. Investigators were not blinded to plasma glucose val-

ues, which were measured in real-time, for safety reasons.

3.4.2.2 Closed-loop visit

The closed-loop system was similar to that used in the feasibility study, but was

initiated at 22:00 (closer to bedtime) and continued until 12:00 the following day

(total of 14 hours). The start time was chosen to mimic returning home late and

subsequently commencing closed-loop at a later time.

• Continuous glucose sensor. The next generation FreeStyle Navigator CGM

(Abbott Diabetes Care, Alameda, CA, USA) was used, which could be cali-

brated and ready for use one hour after the sensor was in situ (Figure 1.1).
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• Model Predictive Control (MPC) algorithm. Versions 0.02.14.0 to 0.02.18.0 of

the MPC algorithm designed at the University of Cambridge were used.

• Study pump. The Deltec Cozmo (Smiths Medical, St Paul, MN, USA) pump

was used on all study visits, and connected to an established infusion site. The

rapid acting insulin analogue aspart (Novo Nordisk, Bagsvaerd, Denmark) was

used for all study visits.

3.4.2.3 CSII visit

On CSII visits, subjects continued their usual insulin pump regimen. This included

setting temporary basal rates and/or reducing the insulin bolus taken for the evening

meal as per their usual practice when drinking alcohol.

3.4.3 Measurements

All samples of whole blood were immediately centrifuged and separated. Plasma

glucose was measured in real-time on a YSI 2300 STAT Plus analyser (YSI Ltd, Fleet,

UK). Plasma samples of insulin were stored at −80 ◦C and ethanol on dry ice, for

later analysis. Plasma insulin was measured using an immunochemiluminometric

assay (Invitron Ltd, Monmouth, UK). Plasma ethanol was determined using the ethyl

alcohol method (Dade Behring Inc, Atterbury, Milton Keynes, UK). At a mean of 6.6

mmol/l, the intra-assay and inter-assay coefficient of variation were 2.4% and 5.7%,

respectively.

3.4.4 Statistical analysis

3.4.4.1 Power calculation

Similar to the ‘Feasibility’ study described in Chapter 2, the power calculation was

based on the results of evaluation of closed-loop in children,[104] as the results from

the first study in adults were not available at the time of designing this study.

3.4.4.2 Efficacy endpoints

The primary outcome measure was proportion of time spent with plasma glucose

in target range (3.9 − 8.0 mmol/l) between 22:00 and 12:00. The secondary outcome

measures were identical to those measured in the feasiblity study. In addition, peak

plasma ethanol concentration and area under the ethanol concentration curve (AUC)
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were calculated to verify similar metabolism of the alcohol consumed on closed-loop

and CSII visits. Secondary outcomes were calculated using plasma and sensor (CGM)

glucose, for the following time periods:

• Overall period (22:00-12:00). On closed-loop visits, the ‘overall period’ was

defined as the interval from commencement of the algorithm at 22:00 until dis-

continuation at 12:00 the following day. On CSII visits, this was defined as the

corresponding time period when subjects continued their usual CSII regimen.

• Overnight period (00:00-08:00). On closed-loop visits, the ‘overnight period’

was defined from midnight to 08:00. On CSII visits, this was the corresponding

period in time when subjects continued their usual CSII regimen. This period

was chosen as it enabled evaluation of glycaemic control at night time specifi-

cally.

• Latter period (03:00-12:00). On closed-loop visits, the ‘latter period’ was defined

as the period five hours after commencement of the algorithm until discontin-

uation at 12:00. This period was chosen as it enabled comparison with the

corresponding period in the feasibility study five hours after the algorithm was

started at 19:00. On CSII visits, this was the corresponding period in time when

subjects continued their usual CSII regimen.

• Morning period (08:00-12:00) On closed-loop visits the ‘morning period’ was

defined from 08:00 until end of study at 12:00. On CSII visits, this was the

corresponding period in time when subjects continued their usual CSII regimen.

This period enabled evaluation of morning glycaemic control, specifically risk

of delayed hypoglycaemia.

Statistical analyses were carried out as described in Section 2.4.4, using SPSS,

Version 15 (SPSS Inc, Chicago, IL, USA).

The AUC of plasma ethanol was determined by calculating the sum of the average

plasma ethanol concentrations at each time period (i.e. average plasma ethanol ×

time). The intra-individual variability in peak plasma ethanol and AUC ethanol were

analysed by calculating the coefficient of variation of the difference between first

and second study visits. The inter-individual coefficient of variation of peak plasma

ethanol and AUC ethanol was determined from the mean and standard deviation of

all study visits. Coefficient of variation, defined as the standard deviation expressed

as a percentage of the mean, measures the dispersion of data around the mean.
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Table 3.1: Demographics of 12 participants

Characteristic Number of subjects Mean Standard deviation

Sex (male/female) 5/7
Age (years) 37.2 9.9
Weight (kg) 78.2 18.5
Body mass index (kg/m2) 26.8 4.2
HbA1c (%) 7.8 0.7
Duration of diabetes (years) 19.7 9.7
Duration on pump (years) 1.9 2.5
Insulin used (aspart/lispro) 6/6
Total daily insulin (U) 52.6 19.2
Total daily basal (U) 20.6 8.2
Total daily bolus (U) 32.1 12.5
Total daily insulin/kg (U) 0.7 0.1
Volume of wine consumed (mls) 564 133

Primary and secondary outcomes were calculated for all 12 subjects, except for

the time periods 03:00-12:00 and 08:00-12:00, which analysed only 11 subjects as one

subject’s CSII study visit was terminated prematurely at 02:00 due to plasma glucose

measurement below 2.0 mmol/l. This subjects’ data was included in the analyses of

the overall and 00:00-08:00 time periods without extrapolation of missing data. The

postprandial period was defined from 21:00 until midnight, as subjects had a longer

time frame over which the meal and alcohol was consumed.

3.5 Results

Between September and December 2009, 41 patients attending the adult diabetes

outpatient clinic at Addenbrooke’s Hospital were screened. Those patients that were

eligible for participation were sent letters of invitation to take part. Fourteen new

subjects were enrolled, two of which withdrew from proceeding prior to consent,

with 12 completing both study visits.

The demographics of the subjects at study entry are summarised in Table 3.1.

Mean duration of type 1 diabetes ranged from 5.7 to 38.6 years and time on pump

therapy from 0.3 to 9.3 years. The average time between study visits was 12 ± 6 days.
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Table 3.2: Time spent with plasma glucose in target during closed-loop and CSII, for
overall, overnight, latter and morning periods

3.9 < Plasma glucose ≤ 8.0
mmol/l (%)

Period Median Interquartile range

Overall
(22:00-12:00)a

CL 70 (60,87)

CSII 46 (29,65)

P-value 0.012*

Overnight
(00:00-08:00)a

CL 61 (44,81)

CSII 53 (30,78)

P-value 0.182

Latter
(03:00-12:00)b

CL 88 (65,96)

CSII 48 (15,75)

P-value 0.016*

Morning
(08:00-12:00)b

CL 100 (100,100)

CSII 40 (0,98)

P-value 0.008*

Notes: a calculations based on 12 subjects; b calculations based on 11 subjects. * denotes
statistical significance at the 5% level.

3.5.1 Primary outcome

During the overall study period (22:00 to 12:00), the proportion of time spent with

plasma glucose in target range (3.9 − 8.0 mmol/l) increased from 46% during con-

ventional CSII to 70% during closed-loop; p = 0.012 (Table 3.2).

This is illustrated in Figure 3.2 by a higher probability of plasma glucose being in

target range (3.9 − 8.0 mmol/l) during closed-loop (71%) compared with CSII (49%),

in addition to an almost halving of values in the hyperglycaemic and hypoglycaemic

ranges.
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Figure 3.2: Distribution of plasma glucose during closed-loop and CSII
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3.5.2 Secondary outcomes

3.5.2.1 Average glucose and variability

Secondary analysis of individual time periods showed a greater proportion of time

spent with glucose in target range during the latter (88% versus 48%) and morning

(100% versus 40%) periods under closed-loop insulin delivery, compared with the

overnight period (61% versus 53%), suggesting improved performance of closed-loop

with longer duration of use (Table 3.2).

There was no difference in the mean plasma glucose overall between closed-loop

and CSII; 6.8 mmol/l versus 6.9 mmol/l, p = 0.672 (Table 3.3).

Closed-loop lowered the standard deviation of glucose from 2.3 mmol/l to 1.7

mmol/l (p = 0.041). Glucose variability is illustrated by the interquartile range in

Figure 3.3, which was similarly increased during closed-loop and CSII in the first

half of the night, most likely related to the effect of the large meal and wine on
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Table 3.3: Plasma glucose outcomes during closed-loop and CSII, for overall, overnight, latter and morning periods

Overall (22:00-12:00)a Overnight 00:00-08:00a Latter 03:00-12:00b Morning 08:00-12:00b

CL CSII P-value CL CSII P-value CL CSII P-value CL CSII P-value

Plasma glucose at 8.1 ± 3.4 9.4 ± 3.7 0.349 — — — — — — — — —
start of CL (mmol/l)

Mean plasma 6.8 ± 0.8 6.9 ± 1.5 0.672 7.1 ± 1.0 6.8 ± 2.0 0.587 6.7 ± 0.6 7.6 ± 2.5 0.261 6.0 ± 0.6 7.3 ± 2.6 0.120
glucose (mmol/l)

Standard deviation of 1.7 2.3 0.041* 1.7 1.4 0.638 1.3 1.0 0.534 0.7 0.5 0.722
plasma glucose (mmol/l) (1.3,2.0) (1.8,2.9) (1.1,1.7) (0.9,2.2) (1.1,1.8) (0.6,1.8) (0.5,1.0) (0.4,1.4)

3.9 < Plasma glucose ≤ 8.0 70 46 0.012* 61 53 0.182 88 48 0.016* 100 40 0.008*
mmol/l (%) (60,87) (29,65) (44,81) (30,78) (65,96) (15,75) (100,100) (0,98)

Plasma glucose 0 0 0.600 0 0 0.273 0 0 1.000 0 0 1.000
<3.0 mmol/l (%) (0,2) (0,2) (0,0) (0,3) (0,0) (0,0) (0,0) (0,0)

Plasma glucose 3 14 0.093 0 6 0.123 0 0 0.138 0 0 0.273
≤ 3.9 mmol/l (%) (0,10) (0,26) (0,5) (0,25) (0,1) (0,21) (0,0) (0,3)

Plasma glucose 24 35 0.041* 31 26 0.875 9 52 0.075 0 41 0.012*
> 8.0 mmol/l (%) (9,38) (12,59) (12,49) (0,70) (4,35) (0,85) (0,0) (0,100)

Low blood 1.1 2.8 0.099 0.5 2.3 0.117 0.7 0.3 0.859 0.7 0.1 0.859
glucose index (0.6,1.8) (0.4,4.7) (0.2,1.4) (0.3,5.2) (0.1,1.2) (0,4.1) (0.1,1.9) (0.0,3.2)

High blood 1.3 2.5 0.060 1.6 1.7 0.388 0.6 3.8 0.050* 0.2 2.3 0.028*
glucose index (0.5,2.4) (1.6,4.0) (0.7,3.0) (0.0,5.2) (0.5,2.2) (0.0,5.8) (0.1,0.3) (0.0,5.9)

Notes: Data are mean ± standard deviation or median (interquartile range). a Calculations based on 12 subjects; b calculations based on 11 subjects.

* Denotes statistical significance at the 5% level.
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Figure 3.3: Plasma glucose profiles during closed-loop and CSII
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glucose levels. From approximately 03:00 during closed-loop, the interquartile range

was much narrower compared with CSII.

Median plasma glucose profiles were similar between interventions following the

evening meal and alcohol, remaining in target range during closed-loop through-

out the study (Figure 3.3). In comparison during CSII, median glucose levels rose

above target from approximately 05:00 until after 09:00. Additionally, between 00:00

and 04:00 the median plasma glucose on CSII visits was at the lower end of target

range suggesting a higher risk of nocturnal hypoglycaemia compared with closed-

loop when plasma glucose remained between 6 − 8 mmol/l.

Secondary outcomes calculated using sensor glucose are summarised in Table

3.4. Closed-loop increased the overall time spent with sensor glucose values in target

range by 33% (p = 0.015), and reduced variability (glucose standard deviation 1.5

mmol/l versus 2.7 mmol/l; p = 0.050).

Individual plasma and sensor glucose profiles for each subjects’ closed-loop and

CSII visits are provided in Appendix A.
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Table 3.4: Sensor glucose outcomes during closed-loop and CSII, for overall, overnight, latter and morning periods

Overall (22:00-12:00)a Overnight 00:00-08:00a Latter 03:00-12:00b Morning 08:00-12:00b

CL CSII P-value CL CSII P-value CL CSII P-value CL CSII P-value

Sensor glucose at 9.9 ± 3.8 10.5 ± 3.7 0.672 — — — — — — — — —
start of CL (mmol/l)

Mean plasma 7.3 ± 1.3 7.5 ± 2.0 0.701 7.5 ± 1.5 7.2 ± 2.6 0.700 7.1 ± 0.9 8.1 ± 3.0 0.249 6.5 ± 0.4 7.8 ± 3.0 0.141
glucose (mmol/l)

Standard deviation of 1.5 2.7 0.050* 1.5 1.7 0.754 1.2 1.1 0.594 0.8 0.6 0.859
sensor glucose (mmol/l) (1.3,2.4) (1.9,3.0) (1.1,1.9) (1.0,2.3) (0.9,1.5) (0.7,1.9) (0.5,1.1) (0.4,1.2)

3.9 < Sensor glucose ≤ 8.0 73 40 0.015* 67 50 0.158 79 46 0.010* 100 60 0.012*
mmol/l (%) (49,84) (26,62) (31,82) (21,76) (58,95) (22,77) (85,100) (0,100)

Sensor glucose 0 0 0.225 0 0 0.225 0 0 0.180 0 0 1.000
<3.0 mmol/l (%) (0,0) (0,2) (0,0) (0,4) (0,0) (0,0) (0,0) (0,0)

Sensor glucose 0 5 0.093 0 9 0.050* 0 0 0.138 0 0 0.655
≤ 3.9 mmol/l (%) (0,4) (0,26) (0,1) (0,28) (0,0) (0,10) (0,0) (0,0)

Sensor glucose 27 43 0.084 33 35 0.695 16 53 0.050* 0 37 0.018*
> 8.0 mmol/l (%) (9,50) (14,65) (10,69) (0,73) (2,42) (0,78) (0,7) (0,100)

Low blood 0.6 1.7 0.060 0.3 2.4 0.050* 0.2 0.4 0.286 0.2 0.0 0.646
glucose index (0.1,1.1) (0.3,5.5) (0,1.5) (0.1,6.2) (0.1,0.4) (0,3.0) (0.2,0.4) (0.0,1.7)

High blood 1.7 2.6 0.099 1.9 2.0 0.583 1.3 3.6 0.131 0.3 2.5 0.041*
glucose index (0.6,4.1) (2.1,7.1) (0.6,5.3) (0.1,7.9) (0.3,2.6) (0.0,10.0) (0.1,0.7) (0.0,8.1)

Notes: Data are mean ± standard deviation or median (interquartile range). a Calculations based on 12 subjects; b calculations based on 11 subjects.

* Denotes statistical significance at the 5% level.
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3.5.2.2 Hypoglycaemia

The proportion of time spent in hypoglycaemia (< 3.9 mmol) was 3% during closed-

loop compared with 14% during CSII although this difference was not significant;

p = 0.093 (Table 3.3). Using sensor glucose outcomes (Table 3.4), closed-loop reduced

the time spent in hypoglycaemia after midnight from 9% to 0% (p = 0.050) and the

low blood glucose index from 2.4 to 0.3 (p = 0.050). The frequency of hypoglycaemia

on both closed-loop and CSII visits was low overall, with only seven plasma glucose

measurements below 3.0 mmol/l during closed-loop and 11 on CSII (Table 3.5). After

midnight, there were two plasma glucose values below 3.0 mmol/l on closed-loop

and seven on CSII.

There were four hypoglycaemic events overall, defined as plasma glucose < 3.0

mmol/l: two during closed-loop and two during CSII visits (Table 3.6). There was

no requirement for intravenous dextrose on any episode. The events during closed-

loop occurred within three hours of consumption of the meal and wine and were

likely related to the prandial bolus administered. They were both associated with

symptoms and resolved with 15g of quick-acting carbohydrate as Lucozade Energy

drink (GlaxoSmithKline, UK) or orange juice. The hypoglycaemic episodes on CSII

visits occurred after midnight and were both asymptomatic. One of these resulted

in early termination of the subject’s study visit at 02:00, as per study protocol, as

plasma glucose nadir was < 2.0 mmol/l. This subject had a large bolus of 24U

for the evening meal which may have contributed to the hypoglycaemia. Of note,

the bolus was calculated using their usual bolus wizard and was identical to that

administered for the evening meal on the closed-loop visit.

3.5.2.3 Hyperglycaemia

Closed-loop lowered the overall time spent with plasma glucose above 8.0 mmol/l

from 35% to 24%; p = 0.041 (Table 3.3). After 08:00, there were no plasma glu-

cose measurements above 8.0 mmol/l during closed-loop. There was a significant

reduction in the high blood glucose index, measuring duration and extent of hyper-

glycaemia, during closed-loop from 03:00. A similar improvement in hyperglycaemia

during closed-loop was seen using sensor glucose outcomes, with significant reduc-

tion after 03:00 from 53% to 16%; p = 0.050 (Table 3.4).
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Table 3.5: Plasma glucose values in hypoglycaemic range during closed-loop and CSII for overall (19:00-08:00), overnight
(00:00-08:00), latter (03:00-12:00) and morning (08:00-12:00) periods

Overall Overnight Latter Morning

Plasma glucose CL CSII CL CSII CL CSII CL CSII
(mmol/l) n % n % n % n % n % n % n % n %

< 2.00 0 0.0 1 0.0 0 0.0 1 0.3 0 0.0 0 0.0 0 0.0 0 0.0
2.00 − 2.49 3 0.4 1 0.2 0 0.0 1 0.3 0 0.0 0 0.0 0 0.0 0 0.0
2.50 − 2.99 4 0.6 9 1.4 2 1.0 5 1.4 0 0.0 0 0.0 0 0.0 0 0.0
3.00 − 3.49 17 2.5 44 6.8 8 2.0 24 6.6 3 1.0 19 4.7 2 1.0 8 4.3
3.50 − 3.89 15 2.2 25 3.9 9 2.3 11 3.0 7 1.6 16 3.9 2 1.0 9 4.8
Total < 3.9 39 5.7 80 12.4 19 4.9 42 11.6 10 2.3 35 8.6 4 2.0 17 9.1

Total (N) 684 646 384 363 444 407 204 187

Notes: N denotes total number of plasma glucose values, and n denotes number of plasma glucose values < 3.9 mmol/l, within the
specified period. NCSII < NCL as one subject’s CSII visit was terminated early due to hypoglycaemia < 2.0 mmol/l.
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3.5. RESULTS

Table 3.6: Detail of all hypoglycaemia episodes

Study Subject Plasma Time Duration Symptoms Treated CHO
visit ID glu (mmol/l) (min) (Yes/No) (Yes/No) (g)

CL 4 2.75 23:30 30 Y Y 15
CL 11 2.24 23:30 30 Y Y 15
CSII 3 2.80 01:30 45 N N 0
CSII 6 2.53a 02:00 45 N Y 30

Notes: CHO denotes rescue carbohydrates consumed. aPlasma glucose nadir of 1.89
mmol/l resulted in termination of study visit.

3.5.2.4 Insulin

There was no difference in the hourly insulin infusion rate between closed-loop and

CSII visits; 0.8 U/h versus 0.9 U/h, p = 0.327 (Table 3.7). Insulin infusion rates

ranged from 0 − 3.3 U/h on closed-loop and from 0.2 − 2.5 U/h on CSII study vis-

its. The greater variability in infusion rates during closed-loop is illustrated by the

wider and changing interquartile range shown in Figure 3.4, compared with CSII.

Measured plasma insulin concentration was similar between visits; 139 pmol/l ver-

sus 128 pmol/l, p = 0.272 (Table 3.7). Figure 3.5 shows the plasma insulin profiles

during both interventions; the median trends were comparable overall.

3.5.2.5 Meals and postprandial period

Participants chose a standardised 100g carbohydrate meal of their preference and

consumed the identical meal on both study visits. The first four subjects’ meals were

slightly larger (107 − 118g), although these were matched on both study visits. The

average quantity of carbohydrates consumed for the evening meal overall was 105g

(Table 3.8).

The average prandial insulin bolus administered was 11U on closed-loop and

11.7U on CSII visits. As white wine has minimal carbohydrate content (0.82g/100ml),

the alcohol consumed was not considered in the calculation of the prandial bolus

taken for the evening meal.[164] Two subjects administered a dual wave (extended)

bolus of insulin, according to their usual practice to cover the larger meal to be con-

sumed (Table 3.8). One subject had a very large prandial bolus of 24U on both their

study visits, but this was consistent with their standard insulin to carbohydrate ratio

calculations. The prandial bolus was administered within 20 minutes of commencing
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Table 3.7: Summary of plasma insulin and insulin infused during closed-loop and
CSII, for overall, overnight, latter, morning and postprandial periods

Plasma insulin Insulin Total
(pmol/l) infusion (U/h) insulin (U)

Period Median IQR Median IQR Median IQR

Overall
(22:00-12:00)a

CL 139 (98,177) 0.8 (0.6,1.2) 11.9 (8.4,17.0)

CSII 128 (103,212) 0.9 (0.6,1.1) 12.3 (8.2,16.0)

P-value 0.272 0.327 0.711

Overnight
(00:00-08:00)a

CL 134 (70,150) 1.0 (0.6,1.2) 7.9 (5.1,9.8)

CSII 102 (77,157) 0.9 (0.6,1.1) 6.8 (4.8,9.0)

P-value 0.754 0.114 0.071

Latter
(03:00-12:00)b

CL 100 (53,124) 0.9 (0.7,1.2) 8.1 (6.5,11.0)

CSII 80 (54,113) 0.9 (0.6,1.2) 8.0 (5.2,10.4)

P-value 0.091 0.056 0.062

Morning
(08:00-12:00)b

CL 84 (55,113) 0.7 (0.6,1.4) 2.8 (2.5,5.7)

CSII 81 (47,100) 0.8 (0.6,1.2) 3.2 (2.5,4.7)

P-value 0.424 0.398 0.350

Postprandial
(21:00-00.00)a

CL 276 (245,417) 0.5 (0.4,1.0) 1.3 (1.2,3.1)

CSII 337 (261,444) 0.9 (0.6,1.1) 2.7 (1.8,3.3)

P-value 0.099 0.155 0.136

Notes: * Denotes statistical significance at the 5% level. a calculations based on 12 subjects;
b calculations based on 11 subjects.

the meal on 19 out of 24 study visits. On three visits, the bolus was delayed until

after the meal was finished because of preceding symptomatic hypoglycaemia, as per

subjects’ standard practice. Figure 3.5 shows a wider interquartile range of plasma

insulin concentration between approximately 21:00 and 23:00. This higher variability

is likely related to the insulin bolus administered with the evening meal (Table 3.8).

Between 21:00 and midnight (postprandial period), there was a trend towards

lower average insulin infusion (0.5 U/h versus 0.9 U/h; p = 0.155) and total insulin

(1.3U versus 2.7U; p = 0.136) infused during closed-loop compared with CSII (Table

3.7). The lower rate of insulin infused during closed-loop between 22:00 and 00:00

is seen in Figure 3.4, and is related to the algorithm minimising insulin delivery
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Figure 3.4: Insulin infusion rates during closed-loop and CSII
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following the prandial bolus to avoid postprandial hypoglycaemia. Hence, the two

episodes of hypoglycaemia that occurred during closed-loop within three hours of

the meal, were most likely related to the prandial bolus.

3.5.2.6 Alcohol

The average volume of wine consumed, which was matched on both study visits, was

564 ± 133ml. This was substantiated by the similar measured area under the ethanol

concentration curve (Table 3.9). Mean peak ethanol concentration was also similar

between visits (15.4 mmol/l versus 16.7 mmol/l; p = 0.239), and was reached ap-

proximately two hours after commencement of alcohol consumption. This compares

with a maximum legal limit of 17 mmol/l for driving in the UK. Plasma ethanol

levels were largely undetectable by 06:00.
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3.5. RESULTS

Figure 3.5: Plasma insulin concentration profiles during closed-loop and CSII
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Intersubject variability as assessed by the coefficient of variation was 20% for

plasma ethanol and 26% for area under the ethanol concentration curve. Corre-

sponding intrasubject variability was 21% and 19%, respectively.

On the conventional CSII visits, participants were allowed to adjust their basal

rates or prandial boluses according to their routine practice when consuming alcohol.

Three subjects set a temporary basal rate following the meal, ranging from a 20%

to 30% reduction, between 4.5 and 10 hours in duration. The other nine subjects

remained on their usual CSII regimen overnight.

3.5.2.7 Morning period

The most striking improvement under closed-loop insulin delivery was seen between

08:00 and 12:00 when time spent in target was 100% during closed-loop and 40%

during CSII (p = 0.008), and time in hyperglycaemia 0% and 41% (p = 0.012), re-

spectively (Table 3.2).
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Table 3.8: Carbohydrates consumed and insulin bolus administered with evening
meal for each subject

Closed-loop CSII

Subject Carbohydrates Insulin Time of bolus Insulin Time of bolus
(g) (U) (hh:mm) (U) (hh:mm)

1 118 12.5 20:31 12.5 20:33
2 107 14.0 20:33 14.2 20:36
3 118 12.2 20:49 11.5 20:39
4 116 7.5a 21:01 10.0b 20:47
5 100 7.5 20:45 8.5 20:32
6 100 24.0 20:47 24.0 20:31
7 100 7.0 20:55 10.0 21:16
8 100 9.0 20:34 10.0 20:34
9 100 8.3 20:54 8.3 20:32
10 100 6.0 20:58 8.0 20:33
11 100 9.0c 20:31 8.5d 20:37
12 100 14.9 20:30 14.4 21:04

Mean 105 11.0 11.7
Standard deviation 8 5.0 4.5

Notes: a 4.5U at 21:01and 3.0U over 30 minutes (dual wave); b 6.0U at 20:47 and 4.0U over
30 minutes (dual wave); c 4.5U at 20:31and 4.5U over 30 minutes (dual wave); d 4.25U at
20:37 and 4.25U over 60 minutes (dual wave).

Table 3.9: Summary of plasma ethanol during closed-loop and CSII

Meal CL CSII P-value

Peak concentration (mmol/l) 15.4 ± 2.6 16.7 ± 3.7 0.239
Time to peak (min) 141 ± 64 110 ± 47 0.102
AUC ethanol (mmol/l/min) 4226 ± 1045 4386 ± 1203 0.814

Notes: Data are mean ± standard deviation. AUC denotes area under the ethanol con-
centration curve.

3.5.3 Sensor accuracy

Accuracy of the FreeStyle Navigator (Abbott Diabetes Care, Alameda, CA, USA),

evaluated as median relative absolute deviation of sensor from plasma (reference)

glucose values, was 12.0% (6.8%, 17.2%). This is higher than the value of 8.0% mea-

sured in the feasibility study, which may be related to the effect of the larger meal

76



3.6. DISCUSSION

Figure 3.6: Clarke error grid analysis showing accuracy of FreeStyle Navigator CGM
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and alcohol on glucose variability. The Clarke error grid analysis illustrates sensor

accuracy, showing the majority of values were in zones A and B (Figure 3.6).

3.6 Discussion

This study evaluated overnight closed-loop insulin delivery in 12 new adults with

type 1 diabetes, extending the results obtained in the earlier ‘Feasibility’ study de-

tailed in Chapter 2. Closed-loop performance was tested following a larger meal

(100g carbohydrate) compared with the 60g-carbohydrate meal in the feasibility study.

Additionally, a moderate amount of alcohol (564ml white wine on average) accom-

panied the meal, similar to an evening out. Closed-loop increased the time spent

in target plasma glucose (3.9 − 8.0 mmol/l) by 24%, identical to the improvement

observed during the ‘Feasibility’ study, indicating that closed-loop performance was

not compromised by the higher carbohydrate load and alcohol. Although glucose

was in target for only 70% of time, compared with 81% during the ‘Feasibility’ study,

corresponding time in target during conventional CSII visits was also lower (41%
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versus 57%). The observed differences were likely related to the effect of consum-

ing a larger meal and alcohol on glycaemic control, rather than the subjects studied

as HbA1c was 7.8% in both cohorts at baseline. Additionally, the later commence-

ment of closed-loop (22:00) compared with 19:00 during the ‘Feasibility’ study may

have contributed to the lower time in target achieved, as closed-loop performance

increases with longer duration of use.

During both interventions, most subjects had their prandial insulin bolus at the

time of the evening meal. This may have contributed to the postprandial hyperglycae-

mia observed (Figure 3.3). Administration of insulin boluses 15 to 20 minutes prior

to eating is associated with improved glucose control after meals.[150; 151] Overall

glucose variability and time spent in hyperglycaemia were significantly lower during

closed-loop, even with consumption of a high carbohydrate meal. This is noteworthy

as both postprandial hyperglycaemia and glucose variability are associated with an

increased risk of adverse diabetes related outcomes.[48] Compared with the ‘Feasi-

bility’ study, overall glucose variability was higher, likely related to the larger meal

and alcohol consumed. There was a trend towards less time spent in hypoglycaemia

during closed-loop visits. There were two episodes of hypoglycaemia: both occurred

before midnight, within two hours from commencement of the algorithm, and were

attributed to the insulin bolus administered for the evening meal.

The degree of hypoglycaemia during conventional therapy visits was lower than

expected. The occurrence of nocturnal or early morning hypoglycaemia following an

evening of drinking alcohol may be especially hazardous, due to the blunting effect

of alcohol on cognition in addition to a reduced arousal state during sleep. The study

was designed to simulate a night out drinking alcohol followed by sleeping through

until lunchtime, an occurrence that is not uncommon especially amongst younger

adults. Despite achieving similar peak plasma ethanol concentrations (15.4 mmol/l

during closed-loop and 16.7 mmol/l during CSII) to a previous study, in which con-

sumption of a similar quantity of alcohol resulted in symptomatic hypoglycaemia

with peak ethanol levels of 19.1 mmol/l,[158] the degree of hypoglycaemia observed

during my study was lower than anticipated. One reason may have been not having

breakfast and the accompanying prandial insulin bolus. Additionally, consuming al-

cohol concurrently with food may have reduced the bioavailability of ethanol,[162]

compared with the study by Turner et al where there was a three hour interval be-

tween the evening meal and wine consumption.[158] Another explanation for the

decreased rate of hypoglycaemia is that the baseline risk may have been lower in the

cohort of patients evaluated in my study as they had reasonable glycaemic control
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prior to study entry.

Inter- and intra-subject variability in plasma ethanol concentration as measured

by the coefficient of variation was 20% and 21%, respectively. Respective values for

ethanol AUC were 26% and 19%. These values are lower than previously reported

in healthy young males, where inter- and intra-individual coefficient of variation for

plasma ethanol were 34% and 38% respectively, with values of 44% and 35% for

ethanol AUC.[162] The aetiology of the lower variability measured in my study is

uncertain, as the study was not designed to evaluate such effects of ethanol inges-

tion. Possible contributing factors include age, quantity and strength of the alcohol

consumed, and concurrent ingestion of food.[161] It is also possible that co-existing

diabetes has an influence on ethanol metabolism, although this has not been previ-

ously investigated.

Continuation of closed-loop insulin delivery during the morning from 08:00 until

midday resulted in an even greater benefit on glycaemic control with 100% of time

spent in target glucose, compared with only 40% during conventional therapy. As

drinking alcohol in the evening is associated with an increased risk of delayed hy-

poglycaemia, the results of my study demonstrate the potential for closed-loop to

minimise hypoglycaemia whilst still achieving target glycaemic levels.

During closed-loop visits there were no plasma glucose measurements above 8.0

mmol/l after 08:00. Although breakfast with subsequent postprandial rise in glu-

cose levels was omitted, on CSII visits over 40% of time was spent hyperglycaemic

during the morning. As no prandial insulin bolus was delivered in the morning,

the hyperglycaemia is likely attributed to inadequate amount of basal infusion. In-

sulin requirements are generally higher in the morning, associated with the dawn

phenomenon.[142] Interestingly, three participants chose to set a 20 − 30% reduction

in their usual CSII rates for up to ten hours following consumption of the wine as per

their usual practice. My study suggests that such reduction may not be necessary,

and in fact may contribute to elevated glucose levels the following morning. How-

ever, the effect of alcohol on glycaemic control is multifactorial, hence the results of

this study cannot be applied to all patients with type 1 diabetes and to all situations

involving alcohol consumption.

One of the major strengths of this study was evaluating a common scenario which

can be challenging for people with type 1 diabetes, in particular the increased risk of

delayed hypoglycaemia after drinking alcohol. The size and timing of the meal and

wine were chosen to replicate real life as closely as possible. This enabled in-clinic

evaluation of closed-loop following a common situation prior to outpatient testing.
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This study provided an insight into self-management routines in insulin therapy

in a small cohort of patients with type 1 diabetes. During conventional CSII visits

subjects were advised to make adjustments to their insulin regimen as they would

usually do at home when drinking alcohol. Only three subjects adjusted their usual

insulin regimen for alcohol. The majority reported that they would normally con-

sume a snack before bedtime to prevent late hypoglycaemia, which they found to

be less complicated than adjusting basal rates or prandial insulin boluses. Subjects

administered insulin for the evening meal according to their standard practice, with

only two choosing an extended bolus despite the larger meal consumed.

The reasonably well-controlled cohort of subjects studied may have limited eval-

uation of the true hypoglycaemic effect of alcohol in patients with type 1 diabetes.

The response to alcohol consumption seen in the cohort of patients studied may not

be comparable to the effect of drinking in all people with type 1 diabetes. Similarly,

consumption of other types of alcohol such as beer or not eating whilst drinking are

likely to have a different effect on glucose levels.

3.7 Conclusion

This is the second randomised overnight closed-loop study in adults with type 1

diabetes, extending the results of the ‘Feasibility’ study. Closed-loop performance

was not compromised by consuming a large carbohydrate meal and drinking alco-

hol. Compared with conventional insulin pump therapy, closed-loop increased time

spent with plasma glucose in target range, lowered time spent in hyperglycaemia and

reduced glucose variability. Closed-loop insulin delivery was safe, with no episodes

of hypoglycaemia after midnight.
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Chapter 4

Daytime closed-loop insulin

delivery during pregnancy

4.1 Background

4.1.1 Physiology of pregnancy

Pregnancy is regarded as a diabetogenic state with increasing insulin resistance

as gestation progresses, attributed to increased production of insulin antagonising

hormones including cortisol, progesterone, oestrogen, prolactin and leptin. In re-

sponse to increasing foetal demands, gluconeogenesis also increases with advancing

pregnancy.[165]

4.1.2 Glycaemic control and obstetric outcomes

Less than a third of women with diabetes receive adequate preconception care.[166]

A population study from the Netherlands reported a significantly lower risk of con-

genital anomalies in planned (4%) versus unplanned (12%) pregnancies.[167] A UK

cohort study of 290 women with type 1 diabetes found a strong association between

prepregnancy care and improved early glycaemic control, with resulting lower foetal

malformation and premature delivery rates.[168]

Suboptimal glycaemic control in diabetic pregnancy is linked with significantly

increased rates of adverse obstetric and neonatal outcomes.[167; 169; 170] As the

transfer of nutrients across the placenta is concentration dependent, maternal hy-

perglycaemia will have a direct effect on the foetus.[171] In addition, as free insulin

cannot cross the placenta, metabolism of maternal nutrients is dependent on foetal
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insulin secretion. Episodic rises in maternal glucose levels, during the second and

third trimesters, may stimulate foetal hyperinsulinism which promotes development

of macrosomic or large for gestational age infants.[172; 173] Macrosomia is com-

mon, occurring in approximately 50% of women with diabetes, and is associated

with delivery-related complications as well as an increased risk of insulin resistance,

obesity and diabetes in offspring later in life.[174]

The largest reported population-based study, carried out in Sweden, showed con-

siderably higher rates of preeclampsia (odds ratio 4.5), preterm delivery (odds ratio

4.9), stillbirth (odds ratio 3.34), perinatal mortality (odds ratio 3.3), major congenital

malformations (odds ratio 2.5) and macrosomia (odds ratio 11.5) in women with type

1 diabetes compared with healthy controls.[169] The 2006 Confidential Enquiry into

Maternal and Child Health in the UK reported a four times greater risk of perinatal

mortality and two times greater risk of congenital malformations in pregnant women

with type 1 or 2 diabetes compared with healthy controls.[170]

During the DCCT trial, there were 270 pregnancies in 180 women.[175] Mean

HbA1c was 7.4% in the intensive group and 8.1% in the conventional therapy group

at conception, but similar during gestation (HbA1c 6.6%). Of the 86 women in the

conventional group, there was no difference in adverse outcomes between those who

switched to intensive therapy before versus after conception. There were nine (4.7%)

congenital malformations overall: eight occurred in women originally in the conven-

tional group, three of which were considered unrelated to diabetes.

4.1.3 Hypoglycaemia

Pregnancy is associated with an increased risk of hypoglycaemia, particularly in early

gestation when the risk of severe hypoglycaemia is increased three to five fold com-

pared with prepregnancy rates.[176] One third of women with no prior history of

severe hypoglycaemia may experience an episode during pregnancy. Intensification

of insulin therapy to minimise hyperglycaemia is commonly implicated.[177] How-

ever, post hoc analysis of the DCCT suggested that intensive insulin therapy was

not associated with hypoglycaemia during pregnancy.[175] During early pregnancy,

contributing factors include a reduction in hypoglycaemia awareness, pregnancy in-

duced nausea and vomiting, and a relatively lower insulin requirement.[176] An ob-

servational study in Denmark found a severe hypoglycaemia rate of 5.3, 2.4 and 0.5

events per patient years in trimesters 1, 2 and 3, respectively, with 45% of women

experiencing at least one event during pregnancy.[177] Both severe hypoglycaemia
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pre-conception and reduced hypoglycaemia awareness were independent predictors

of severe hypoglycaemic events. Other risk factors include longer duration of dia-

betes and tight glycaemic control (HbA1c < 6.5%).[176; 177]

Recurrent hypoglycaemia and diabetes progression result in impaired glucose

counter-regulation and the associated phenomenon of hypoglycaemia unawareness,

both of which may be exacerbated during pregnancy. Clamp studies in women with

type 1 diabetes during pregnancy demonstrated significantly diminished epinephrine

and growth hormone responses to hypoglycaemia, compared with the non-pregnant

state. In healthy controls, the normal glucagon response to hypoglycaemia was di-

minished during pregnancy.[178]

Severe hypoglycaemia is the leading cause of maternal death in type 1 diabetes.

A case review from Finland reported five deaths amongst 972 pregnant women with

type 1 diabetes (0.5%), two of which were attributed to hypoglycaemia.[179] A cohort

study of 323 pregnant women with type 1 diabetes from the Netherlands reported

two deaths (0.6%), one of which was due to severe hypoglycaemia.[167] These figures

represent a 60-fold increased mortality rate in women with type 1 diabetes compared

with the normal population.

The effect of maternal hypoglycaemia on offspring is less well understood. A

teratogenic effect of even brief periods of hypoglycaemia resulting in developmen-

tal anomalies and growth retardation has been seen in animal studies.[180; 181]

Such outcomes have not been observed in humans, although no studies have specifi-

cally evaluated the vulnerable period of embryogenesis in early gestation, when the

embryo is wholly dependent on maternal glycolysis.[182] As transplacental glucose

transport is dependent on the maternal-foetal concentration gradient, a reduction in

maternal glucose levels may compromise foetal nutrition, resulting in an increased

risk of intrauterine growth restriction. Small for gestational age infants have been

observed to have higher rates of adverse neonatal outcomes.[183] Neonatal, but not

maternal, hypoglycaemia has been shown to be associated with neurological deficits

in the long term.[184]

4.1.4 Challenges to daytime glycaemic control

Aiming for near-normoglycaemia, including minimising fluctuations in glucose lev-

els, is imperative to achieving favourable obstetric outcomes. During the daytime,

glucose control may be influenced by meals (as detailed in Chapter 3) and physical

activity.
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4.1.4.1 Glycaemic effects of exercise

Physical activity, in contrast to the effect of a meal or insulin bolus, has longer last-

ing and more dynamic consequences on glucose-insulin regulation in type 1 dia-

betes. The magnitude of effect depends on multiple factors including insulin ther-

apy, prior carbohydrate consumption, exercise duration and intensity, cardiovascular

fitness and pre-exercise glucose levels. The major factors influencing glucose up-

take into muscle during exercise include insulin-independent translocation of glu-

cose transporter proteins (primarily glucose transporter 4) from an intracellular store

to the plasma membrane, blood glucose concentration, capillary blood flow, and glu-

cose phosphorylation. In comparison with the sedentary state, where glucose trans-

port is the major rate-limiting step, phosphorylation has a greater influence during

exercise.[185]

In healthy individuals, exercise stimulates suppression of insulin secretion with

resulting increased hepatic glucose production, lipolysis and reduced peripheral glu-

cose uptake. In type 1 diabetes, elevated therapeutic insulin levels inhibit hepatic

glucose production which is required to meet the glucose demand by exercising mus-

cles, leading to an increased risk of hypoglycaemia. Activation of counter-regulatory

hormones, which normally contribute to restoration of glucose levels and triggering

of neuroglycopaenic symptoms during exercise, are reduced or absent.[186] The be-

havioural response is hence compromised with resulting failure to recognise symp-

toms and initiate rescue carbohydrate treatment. The beneficial effect of exercise

itself on peripheral insulin sensitivity also contributes to hypoglycaemia. The risk of

hypoglycaemia is even greater during pregnancy due to increased energy demands

placed by the foetus as well as the tighter glycaemic targets necessitated to avoid

hyperglycaemia-related adverse obstetric outcomes.

4.1.4.2 Exercise intensity

Low to moderate intensity exercise is associated with a greater risk of

hypoglycaemia.[187] More intense activity induces a rise in catecholamines, cortisol

and growth hormone, resulting in hyperglycaemia.[188] During recovery in healthy

individuals, catecholamine levels decrease and insulin secretion is increased, result-

ing in normalisation of glucose. In type 1 diabetes, the absence of a rise in endoge-

nous insulin secretion during recovery results in prolonged hyperglycaemia. The

hyperinsulinaemia may be mimicked with administration of a correction bolus,[189]

but a subsequent snack may be required to prevent later hypoglycaemia. Intermittent
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high intensity exercise, compared with moderate intensity exercise alone, is associ-

ated with a lower rate of hypoglycaemia.[190] Inclusion of a ten second sprint has

been shown to limit the risk of post-exercise hypoglycaemia.[191]

4.1.4.3 Exercise timing

The scheduling of exercise in relation to timing of meals, insulin and other activity

has a significant influence on glycaemic outcomes. The risk of hypoglycaemia is

lower when exercise is carried out several hours after a meal, known as the post-

absorptive state.[192] Exercising prior to administration of insulin for breakfast may

provide added protection as circulating insulin levels are low, and liver and muscle

glycogen stores are replete. Compared with afternoon exercise, pre-breakfast exercise

in six subjects with type 1 diabetes was associated with higher glucose and cortisol

levels with a subsequent lower risk of hypoglycaemia.[193]

The glucose-lowering effects of exercise may persist for several hours, associated

with increased tissue insulin sensitivity and physiological repletion of depleted mus-

cle glycogen stores. Late afternoon exercise is associated with an increased risk

of nocturnal hypoglycaemia, as indicated by a biphasic increase in glucose utilisa-

tion at the end of exercise and again 7 − 11 hours later in adolescents with type

1 diabetes.[194] Late afternoon exercise in 50 youth with type 1 diabetes resulted in

lower mean overnight glucose of 7.3 mmol/l versus 8.6 mmol/l when no exercise was

performed.[195] Pre-exercise and pre-bedtime snack glucose levels were the strongest

predictors of hypoglycaemia risk.

4.1.4.4 Preceding exercise or hypoglycaemia

Repeated episodes of hypoglycaemia result in progressive blunting of the counter-

regulatory response causing a vicious cycle of recurrent hypoglycaemia, termed hy-

poglycaemia associated autonomic failure.[186] Glucagon, epinephrine and cortisol

responses were markedly reduced during exercise the day after two episodes of hy-

poglycaemia in 16 adults with type 1 diabetes.[196] A three-fold increased glucose

infusion rate was required to maintain euglycaemia. Post hoc analysis of the DCCT

cohort found that unusual physical activity was more frequent on days when severe

hypoglycaemia occurred although this association was not significant.[119] Prior ex-

ercise has also been shown to reduce the counter-regulatory response to subsequent

exercise with ensuing increased risk of hypoglycaemia.[197]
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4.1.4.5 Managing glucose levels during exercise

Conventional strategies to avoid hypoglycaemia include adjusting insulin doses and/or

consuming additional carbohydrates before and after exercise. One recommendation

is consuming 15g carbohydrate prior and every 30− 60 minutes during exercise, with

larger quantities for more intense activity.[192] Excess carbohydrate supplementation

may lead to hyperglycaemia. Consumption of low glycaemic index compared with

high glycaemic index foods may provide more stable glucose levels.[198]

Reduction in insulin taken for meals, proportionate to exercise intensity and du-

ration, may lower the risk of hypoglycaemia.[199] Temporary suspension of basal

insulin pump therapy for exercise has been shown to reduce hypoglycaemia in chil-

dren with type 1 diabetes.[200; 201] The main risk is hyperglycaemia and ketoaci-

dosis, which may be further exacerbated by the metabolic changes associated with

exercise.[202] Reduction in pre-exercise prandial insulin of up to 75% did not result in

increased ketone body formation.[203] Discontinuation of CSII for three hours during

exercise resulted in an elevated but safe level of ketone body formation, compared

with no exercise.[204]

Insulin absorption from subcutaneous tissue may be increased during exercise.

Postulated mechanisms include increased local blood flow and/or mobilisation from

the subcutaneous depot due to a pumping effect of contracting muscles. Evidence

from studies conducted almost 30 years ago, demonstrated increased insulin concen-

trations with injection of insulin into exercising limbs.[205; 206] However, the older

insulin formulations and measurement methods employed in these studies limit ap-

plicability in current practice. There is minimal evidence regarding absorption of

insulin from CSII catheter site during exercise. Plasma insulin levels were observed

to increase at the end of 20 minutes of running on a treadmill, with a decrease to

baseline within 10 minutes in 12 CSII-treated adults.[207]

4.1.5 Glucose monitoring

Frequent monitoring of glucose is essential to maintaining tight glycaemic control

during pregnancy. HbA1c is usually measured at booking, 16 − 20 weeks and 28

weeks gestation. UK National Institute for Health and Clinical Excellence guidelines

recommend a preconception HbA1c as close to 6.1% as can be safely achieved with-

out increasing the risk of hypoglycaemia.[94] The DCCT showed a dose-dependent

relationship between HbA1c and adverse outcomes.[175] In another study, congen-

ital malformation and perinatal mortality rates were increased four and seven-fold,
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respectively, at HbA1c levels above 10.4%.[208] However, interpretation of HbA1c

is limited during pregnancy due to the dynamic changes that occur to red blood

cells, including increased cell turnover and erythropoietin levels, and the effects of

haemodilution with increasing gestation.[209] The 2005 Confidential Enquiry into

Maternal and Child Health report noted that 25% of women whose offspring had an

anomaly had achieved an HbA1c below 7% by 13 weeks gestation, suggesting that

‘near optimal’ glycaemic control at the end of the first trimester is already too late for

prevention of congenital anomalies.[210]

The emergence of CGM over the last decade has revolutionised the monitoring

of diabetes. Its use in pregnancy is especially valuable in detecting the dynamic glu-

cose excursions not apparent with conventional fingerprick glucose tests or HbA1c

monitoring.

4.1.6 Treatment

Insulin needs in diabetic pregnancy vary considerably, associated with increasing in-

sulin resistance as gestation progresses. In a study of 65 women with well controlled

type 1 diabetes, insulin doses ranged from 0.6 − 1.1 U/kg/day with a peak in week

nine, nadir in week 16, and greater peak in week 37.[211] The majority of women are

treated by multiple daily injection therapy. Insulin pumps or CSII may provide more

flexibility during pregnancy, when changing eating patterns, morning sickness, re-

duced exercise capacity and a growing foetus may variably affect glucose levels.[212]

Currently, CSII is only recommended for women inadequately controlled on multi-

ple daily injections or with severe hypoglycaemia. Both a meta-analysis [213] and

a Cochrane review [214] from 2007 found no difference in pregnancy outcomes and

glycaemic control between CSII and multiple daily injection therapy. The majority

of studies were observational with small numbers and evaluated the older soluble

insulins.

4.2 Rationale

Despite the recent availability of continuous glucose monitoring and ongoing refine-

ment of insulin replacement regimens, many women still fail to meet glucose targets

during pregnancy.[215] Optimal treatment of diabetes during pregnancy necessitates

avoidance of both hyperglycaemia and hypoglycaemia whilst maintaining glucose

levels within a narrow range. As a result of the changing insulin requirements during
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pregnancy, frequent antenatal review and fine tuning of insulin regimens is essential

in order to optimise glucose control. This requires considerable allocation of time

and health care resources as well as patient motivation and co-operation.

A closed-loop system, which employs a computerised control algorithm to link

insulin delivery with CGM in real-time, may provide improved glycaemic control. A

feasibility study carried out in ten pregnant women with type 1 diabetes confirmed

safety of closed-loop insulin delivery with no hypoglycaemia events overnight.[108]

Postprandial control was more challenging, with 28 − 44% of time spent hypergly-

caemic after breakfast. Daytime glucose control requires consideration of carbohy-

drates consumed and physical activity performed. The feasibility study in pregnancy

was carried out during sedentary conditions, and hence did not include typical ‘real

life’ activities such as housework or exercise. Before proceeding to studies in the

home setting, it is essential to evaluate the closed-loop system during normal day-

time activities.

4.3 Aim

To evaluate the efficacy of closed-loop insulin delivery to maintain glucose levels

within target range (3.5 − 7.8 mmol/l), compared with conventional insulin pump

therapy, during normal daily activities in pregnant women with type 1 diabetes.

4.4 Methods

4.4.1 Participants

Between April 2010 and April 2011, 12 women with type 1 diabetes were recruited

from antenatal diabetes outpatient clinics at Addenbrooke’s Hospital, Cambridge,

and King’s Hospital, London. Inclusion criteria were age 16 to 44 years, type 1 dia-

betes (World Health Organisation criteria [2]) for at least 12 months, current insulin

pump therapy, and a viable singleton pregnancy confirmed by ultrasound. Subjects

were excluded if they had non-type 1 diabetes, any major conditions or concurrent

medications likely to interfere with interpretation of the study results, any clinically

significant diabetes-related complications or severe hypoglycaemia, poorly controlled

diabetes (HbA1c ≥ 10%), significant obesity (BMI > 35 kg/m2), insulin resistance

defined by total daily dose ≥ 1.5 U/kg at booking, or had conceived via in vitro

fertilisation or assisted reproductive techniques.
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4.4.2 Study design

The study had an open randomised crossover design. The protocol was approved by

the Cambridge Research Ethics Committee, and carried out in accordance with the

Declaration of Helsinki. Once written informed consent was obtained, participants

were randomised to attend the Wellcome Trust clinical research facility, Cambridge

for two 24-hour visits (closed-loop and control), one to six weeks apart. The study

protocol, which was matched on both visits, was designed to mimic a typical day at

home or work (Figure 4.1).

A continuous glucose sensor was inserted at least 24 hours prior to study vis-

its. Women were given basic training and instructions on insertion, calibrations and

alarms. On arrival for the study visit at midday, an intravenous cannula was in-

serted for blood sampling of glucose and insulin. Following a standardised light

lunch, a lightweight (10g) combined heart rate and accelerometer device (Actiheart,

Cam Ntech Ltd, Papworth, UK) was attached (Figure 4.2). The Actiheart was indi-

vidually calibrated at each study visit with a ramped step test which involved eight

minutes of stepping at progressively increasing frequency followed by two minutes

of recovery.[216]

The subject’s insulin pump was disconnected and the study pump (Animas 2020

Johnson & Johnson, New Jersey, USA), delivering rapid acting insulin analogue as-

part (Novo Nordisk, Bagsvaerd, Denmark), connected to the established subcuta-

neous insulin infusion site. On the closed-loop visit, insulin was delivered based on

the advice of a model predictive control algorithm tested in the previous feasibility

study in pregnancy,[108] from 14:00 until 12:30 the next day. The closed-loop system

was used in the manual mode. Versions 0.03.03 to 0.03.11 of the algorithm, which

is described in detail in Section 2.4.2, were used in the study. During closed-loop,

meals, moderate intensity exercise and hypoglycaemia requiring treatment with res-

cue carbohydrates were announced to the algorithm. Snacks were not announced

unless an accompanying insulin bolus was administered.

On the control visit, subjects continued their usual insulin pump regimen via the

study pump. Women did not have access to CGM and any adjustments, such as

setting a temporary basal rate for exercise or reducing the pre-exercise meal insulin

bolus, were made using fingerprick glucose measurements.

The study visit concluded at 12:30, with subjects consuming a lunch meal of their

choice prior to discharge home.
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Figure 4.1: Timeline of study procedures
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Figure 4.2: Actiheart monitor

4.4.2.1 Normal daily activities and exercise

The physical activity was designed to match average levels of physical activity energy

expenditure (PAEE) in pregnancy based on previous literature.[217; 218; 219] Normal

daily activities included three 20-minute low intensity walks within the hospital one

to two hours after meals (14:00, 19:30 and 09:00) at the participants’ own speed. There

were two scheduled 55-minute sessions of moderate intensity exercise, at 15:00 and

09:30. Each session involved two 25-minute periods of brisk walking on a treadmill

with a five-minute rest interval. The afternoon exercise incorporated 25 minutes of

walking at 4.8 km/hour with no gradient followed by 25 minutes at 2.6 km/hour at

10% incline. The morning exercise involved two 25-minute sessions of walking at 3.9

km/hour with no gradient.

The Borg rating of perceived exertion, shown in Figure 4.3 was used every 10 min-

utes during exercise to assess womens’ effort level.[220] The scale, which correlates

with increasing exercise intensity for work on a cycle ergometer, ranges from 6 − 20

corresponding to heart rate ranging from 60 − 200 beats per minute. In between the

scheduled walks and exercise sessions, women undertook sedentary tasks such as

working on a computer or watching television and went to sleep according to their

preference.

4.4.2.2 Meals and snacks

Participants were given pre-selected standardised meals (50g carbohydrate lunch,

60g carbohydrate evening meal, 50g carbohydrate breakfast) and a 15g carbohydrate

snack before bed. Lunch consisted of a ham, tuna or cheese salad sandwich and a

15g carbohydrate snack. Evening meal options included chicken with mashed potato,

beef lasagne with garlic bread or pasta. Wholegrain toast with jam or fruit, or whole-
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Figure 4.3: The Borg rating of perceived exertion scale
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grain breakfast cereal and fruit with milk were consumed for breakfast. Snack choices

included yoghurt, fruit, crisps, biscuits and chocolate.

Prior to each meal, subjects performed a capillary fingerprick glucose test and

calculated the prandial bolus to be administered using their own pump bolus wizard

or insulin to carbohydrate ratios. The bolus was administered ten minutes prior to

eating, unless fingerprick glucose was below 4.0 mmol/l in which case it was given

with the meal. Insulin was taken for snacks according to subjects’ discretion based

on results of fingerprick glucose testing alone.

Exercise snacks were consumed according to fingerprick capillary glucose mea-

sured 30 minutes prior to exercise: 15g carbohydrate snack for glucose > 6 mmol/l,

and 30g carbohydrate snack for glucose ≤ 6 mmol/l. The study protocol was

amended to include extra snacks after each 25-minute treadmill session for glucose

≤ 6 mmol/l, following an interim review which showed a high frequency of hypo-

glycaemia associated with moderate intensity exercise in the first six participants.

4.4.2.3 Hypoglycaemia

Rescue carbohydrate (15g) as 90ml Lucozade Energy drink (GlaxoSmithKline, UK)

was given to treat episodes of hypoglycaemia, defined as plasma glucose ≤ 3.0

mmol/l with symptoms or ≤ 2.5 mmol/l without symptoms. Plasma glucose lev-

els were repeated every 15 minutes until hypoglycaemia resolved with additional

treatment if required.

4.4.2.4 Randomisation and blinding

Block randomisation was used to allocate subjects to the order in which they com-

pleted their study visits. Subjects were blinded to CGM and plasma glucose values

on both visits. For safety reasons, investigators had access to plasma glucose levels.
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4.4.3 Measurements

4.4.3.1 Plasma glucose and insulin

Blood sampling for glucose and insulin was carried out at 15 and 30 minute intervals

from 14:00 until study end at 12:30 the following day. Whole blood samples were

immediately centrifuged, and plasma aliquoted into separate tubes. Plasma glucose

was measured in real-time on a YSI 2300 STAT Plus analyser (YSI, Fleet, UK). Plasma

insulin was stored frozen, for later analysis by immunochemiluminometric assay (In-

vitron Ltd, Monmouth, UK).

4.4.3.2 Continuous glucose monitor

The FreeStyle Navigator CGM (Abbott Diabetes Care, Alameda, CA, USA) with a

one hour run-in calibration period was used (Figure 1.1).

4.4.3.3 Physical activity energy expenditure (PAEE)

PAEE was measured using the Actiheart (Cam Ntech Ltd, Papworth, UK) device

consisting of two electrodes connected by a short lead which attach to the chest

surface via two electrocardiogram pads (Figure 4.2). It has been validated outside of

pregnancy, with reported intra-device coefficient of variation of 0.5% and 0.03% and

inter-device coefficient of variation of 5.7% and 0.03%, for movement and heart rate

respectively.[221] The device was set to record at 30-second epochs.

4.4.4 Statistical analysis

For this exploratory safety study, the sample size was pragmatic based on a previous

feasibility study of closed-loop in pregnant women with type 1 diabetes.[108]

The primary outcome was time spent with plasma glucose in the target range

(3.5 − 7.8 mmol/l), based on National Institute for Health and Clinical Excellence

guidelines for pregnancy,[94] from 14:00 on day one to 12:30 on day two.

Pre-defined secondary outcomes were time spent above (> 7.8 mmol/l and >

10.0 mmol/l) and below (≤ 3.5 mmol/l and ≤ 2.8 mmol/l) target, mean glucose

concentration, standard deviation of glucose, the low blood glucose index, mean

insulin infusion rate and plasma insulin concentration. Secondary outcomes were

calculated for both plasma and sensor glucose, for the following time periods:
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• Overall period (14:00-12:30). The ’overall period’ evaluated glycaemic control

from study commencement at 14:00 until study end at 12:30 the following day.

• Afternoon (14:00-18:00). The ’afternoon period’ evaluated glycaemic control

during moderate intensity exercise from 15:00 to 16:00 and the two hour recov-

ery period post exercise.

• Evening (18:00-23:00). The ’evening period’ evaluated postprandial glycaemic

control following the evening meal at 18:00.

• Overnight (23:00-07:30). The ’overnight period’ evaluated fasting glycaemic

control.

• Morning (07:30-12:30). The ’morning period’ evaluated glycaemic control fol-

lowing breakfast at 07:30 in addition to during moderate intensity exercise from

09:30 to 10:30 and the two hour recovery period post exercise.

Statistical analyses were conducted using SPSS, Version 15 (SPSS Inc, Chicago,

IL, USA) and GStat software Version 1.1.2 (University of Cambridge, UK). Activity

energy expenditure was analysed using the Actiheart software programme.[222]

4.5 Results

Twelve women completed both study visits. Demographic data are summarised in

Table 4.1. Ten women commenced CSII pre-conception, seven were primiparous, and

all lived with a partner. Of the total cohort, nine were on aspart and three on lispro

rapid acting insulin analogue at baseline. The average time between study visits was

27 ± 11 days.

4.5.1 Primary outcome

There was no difference in the overall time spent with plasma glucose concentration

in target range for pregnancy (3.5 − 7.8 mmol/l) between closed-loop and conven-

tional CSII visits; 81% versus 81%; p = 0.754 (Table 4.2). This is illustrated in Figure

4.4 by the very similar median glucose profiles.
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Table 4.1: Demographics of 12 participants

Characteristic Mean Standard deviation

Age (years) 33.5 4.0
Gestation at visit 1 (weeks) 21.1 5.7
Gestation at visit 2 (weeks) 23.9 5.4
Diabetes duration (years) 18.0 9.4
Pump duration (years) 2.8 3.4
Booking HbA1c (%) 7.2 1.0
Pre-study HbA1c (%) 6.4 0.5
Weight visit 1 (kg) 77.3 9.8
Body mass index visit 1 (kg/m2) 27.8 3.1
Total daily insulin visit 1 (U) 50.9 20.1
Total daily insulin visit 2 (U) 58.4 22.9

Figure 4.4: Plasma glucose profiles during closed-loop and CSII
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Figure 4.5: Distribution of plasma glucose during closed-loop and CSII
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4.5.2 Secondary outcomes

4.5.2.1 Overall glucose control

Secondary outcome data are summarised in Table 4.2. There was no difference in

mean plasma glucose concentration between visits; 6.2 mmol/l versus 5.8 mmol/l,

p = 0.347. Closed-loop lowered the time spent below 2.5 mmol/l (0.0% versus 0.3%;

p = 0.044) and the low blood glucose index (2.4 versus 3.3; p = 0.034). This is

displayed in Figure 4.5 by the higher proportion of values below 3.5 mmol/l dur-

ing CSII. The proportion of values in hyperglycaemic range was similar between

interventions, although there was a greater frequency of values at higher glucose

concentrations (11 − 14 mmol/l) during CSII. Using sensor glucose measurements,

secondary outcomes were similar between closed-loop and CSII visits (Table 4.3).

Individual plasma and sensor glucose profiles for each subject are provided in

Appendix A.
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Table 4.2: Plasma glucose and insulin outcomes during closed-loop and CSII for overall and overnight periods

Overall Overnight
(14:00-12:30) (23:00-07:30)

CL CSII P-value CL CSII P-value

Primary Outcome (in target)
3.5 < Plasma glucose ≤ 7.8 mmol/l (%) 81 81 0.754 95 100 0.484

(59, 88) (54, 90) (84, 100) (64, 100)

Secondary Outcomes
Mean plasma glucose (mmol/l) 6.2 ± 0.8 5.8 ± 1.1 0.347 6.1 ± 0.8 5.7 ± 2.2 0.272

Starting plasma glucose (mmol/l) 6.3 ± 1.8 6.4 ± 2.6 0.722 6.8 ± 1.8 5.6 ± 1.4 0.041*

Plasma glucose ≤ 3.5 mmol/l (%) 7 8 0.480 0 0 0.249
(1, 12) (4, 18) (0, 0) (0, 19)

Plasma glucose ≤ 2.8 mmol/l (%) 1 2 0.169 0 0 0.317
(0, 2) (0, 3) (0, 0) (0, 0)

Plasma glucose < 2.5 mmol/l (%) 0.0 0.3 0.044* — —
(0.0, 0.2) (0.0, 1.5)

Low blood glucose index 2.4 3.3 0.034* 0.8 2.4 0.117
(0.9, 3.5) (1.9, 5.1) (0.2, 1.3) (0.3, 6.1)

Plasma glucose > 7.8 mmol/l (%) 14 7 0.754 0 0 0.715
(7, 28) (6, 22) (0, 13) (0, 0)

Plasma glucose > 10.0 mmol/l (%) 0 0 0.779 0 0 0.317
(0, 6) (0, 6) (0, 0) (0, 0)

Standard deviation of plasma glucose (mmol/l) 1.4 1.6 0.695 0.8 0.8 0.754
(1.3, 2.1) (1.4, 2.3) (0.5, 1.0) (0.5, 1.0)

Insulin infusion (U/h) 0.7 0.8 0.347 0.9 0.9 0.388
(0.5, 0.9) (0.5, 1.1) (0.6, 1.1) (0.5, 1.2)

Plasma insulin concentration (pmol/l) 120 107 0.875 63 55 0.810
(101, 146) (82, 145) (46, 84) (37, 87)

Notes: Data are mean ± standard deviation or median (interquartile range). *Denotes statistical significance at the 5% level.
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Table 4.3: Sensor glucose outcomes during closed-loop and CSII for overall and overnight periods

Overall Overnight
(14:00-12:30) (23:00-07:30)

CL CSII P-value CL CSII P-value

3.5 < Sensor glucose ≤ 7.8 mmol/l (%) 79.0 81.0 0.480 98.0 83.0 0.034*
(69, 85) (57, 86) (94, 100) (50, 100)

Mean sensor glucose (mmol/l) 6.3 ± 0.5 6.2 ± 1.2 0.388 5.8 ± 0.4 5.9 ± 2.7 0.583

Starting sensor glucose (mmol/l) 7.1 ± 1.8 7.5 ± 2.8 0.646 6.8 ± 1.84 5.9 ± 1.3 0.041*

Sensor glucose ≤ 3.5 mmol/l (%) 2 5 0.308 1 0 0.328
(1, 7) (0, 19) (0, 3) (0, 29)

Sensor glucose ≤ 2.8 mmol/l (%) 0 0 0.344 0 0 0.144
(0, 2) (0, 3) (0, 0) (0, 1)

Low blood glucose index 1.7 2.3 0.209 1.3 2.3 0.239
(1.2, 3.1) (0.7, 5.1) (0.8, 2.0) (0.1, 8.6)

Sensor glucose > 7.8 mmol/l (%) 16 17 0.814 1 0 0.779
(14, 25) (10, 24) (0, 2) (0, 3)

Sensor glucose > 10.0 mmol/l (%) 2.6 3.5 0.790 0.0 0.0 0.317
(0.0, 10.0) (1.7, 6.4) (0.0, 0.0) (0.0, 0.0)

Standard deviation of sensor glucose (mmol/l) 1.7 1.7 0.814 0.9 0.8 0.695
(1.5, 2.2) (1.4, 2.4) (0.8, 1.1) (0.6, 1.1)

Notes: Data are mean ± standard deviation or median (interquartile range). *Denotes statistical significance at the 5% level.
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4.5.2.2 Overnight glucose control

At 23:00, plasma glucose levels were higher during closed-loop; 6.8 mmol/l versus

5.6 mmol/l; p = 0.041 (Table 4.2). Nonetheless, the overnight plasma glucose time

in target was strikingly high on both closed-loop and CSII visits; 95% versus 100%,

p = 0.484. Of note, using sensor glucose measurements, there was significantly

less time spent in target overnight during CSII; 98% versus 83%, p = 0.034 (Table

4.3). There was no discordance between plasma and CGM measurements for other

secondary outcomes.

4.5.2.3 Glucose control during exercise

Mean plasma glucose concentrations during the afternoon activities, which included

a 20 minute low intensity walk and 55 minutes of brisk walking on a treadmill (fol-

lowing an eight minute step test to calibrate the Actiheart at 13:00), were comparable

on closed loop and CSII visits (5.5 mmol/l versus 4.9 mmol/l; p = 0.270), with iden-

tical time spent in target range (75%; p = 0.657), in hyperglycaemia (0%; p = 0.575),

and in hypoglycaemia (16%; p = 0.866). The afternoon period was associated with

the highest proportion of hypoglycaemia compared with the evening, overnight and

morning periods, for both closed-loop and CSII visits (Table 4.4).

During the evening following dinner (18:00-23:00), time in target was similar be-

tween interventions (75% versus 78%, p = 0.530). Closed-loop reduced the time

spent below 3.5 mmol/l (1% versus 9%; p = 0.022), with a greater time spent above

7.8 mmol/l although this was not significant (12% versus 0%; p = 0.441).

In the morning, following breakfast and exercise (20 minute walk and 55 minute

treadmill session), plasma glucose levels were higher, but comparable between visits

(6.8 mmol/l versus 7.0 mmol/l; p = 0.875). Despite the morning physical activity

being very similar to that performed the prior afternoon, time in target was much

lower with one third of the time spent in hyperglycaemia. These outcomes were not

different between closed-loop and CSII; time in target 67% versus 63% (p = 0.929),

time in hypoglycaemia 1% versus 2% (p = 0.398), and time in hyperglycaemia 30%

versus 29% (p = 0.638).

Importantly, physical activity energy expenditure (PAEE) was comparable be-

tween closed-loop and CSII visits indicating similar level of activity; 23.4 (19.7, 27.0)

versus 21.2 (19.0, 22.1) kJ/kg/day (p = 0.090). Figure 4.6 shows PAEE during the

overall study on both visits. The peaks correspond to the low (20 minute gentle

walks after meals) and moderate (55 minutes brisk treadmill walking at 15:00 and
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Table 4.4: Plasma glucose outcomes during closed-loop and CSII for afternoon, evening and morning periods

Afternoon Evening Morning
(14:00-18:00) (18:00-23:00) (07:30-12:30)

CL CSII P-value CL CSII P-value CL CSII P-value

Mean plasma glucose (mmol/l) 5.5 ± 1.5 4.9 ± 0.9 0.270 6.5 ± 1.4 5.5 ± 1.4 0.140 6.8 ± 1.6 7.0 ± 1.6 0.875

3.5 < Plasma glucose ≤ 7.8 mmol/l (%) 75 75 0.657 75 78 0.530 67 63 0.929
(64, 84) (60, 96) (39, 99) (67, 89) (35, 78) (45, 85)

Plasma glucose ≤ 3.5 mmol/l (%) 16 16 0.575 1 9 0.022* 1 2 0.398
(2, 26) (0, 27) (0, 5) (3, 19) (0, 19) (0, 14)

Plasma glucose > 7.8 mmol/l (%) 0 0 0.866 12 0 0.441 30 29 0.638
(0, 12) (0, 18) (0, 61) (0, 16) (14, 41) (11, 42)

Insulin infusion (U/h) 0.4 0.5 0.480 0.7 0.7 0.480 0.8 0.6 0.388
(0.2, 0.9) (0.4, 0.9) (0.5, 1.0) (0.5, 1.2) (0.4, 1.1) (0.4, 1.2)

Notes: Data are mean ± standard deviation or median (interquartile range). * Denotes statistical significance at the 5% level.

100



4.5. RESULTS

Figure 4.6: Physical activity energy expenditure during closed-loop and CSII
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09:30) intensity physical activity with very minimal activity in between scheduled

exercise. The median Borg score was 10 and 9 during the afternoon and morning

exercise, respectively, with a range from 7 to 15. These scores indicate that the effort

of exercise was perceived as ‘very light’ overall (Figure 4.3).

4.5.2.4 Hypoglycaemia

There were 33 episodes of hypoglycaemia (≤ 3.0 mmol) requiring treatment over 24

study visits. Of the total, 20 episodes were between 2.5 mmol/l and 3.0 mmol/l

and 25 episodes were symptomatic. The episodes of hypoglycaemia are shown in

Figure 4.4. No episodes required intravenous dextrose treatment. Only two women

completed both 24 hour study visits without experiencing any hypoglycaemia. Of the

visits on which hypoglycaemia occurred, almost half were associated with multiple

episodes, with one subject having five events during her CSII visit.

Overall, there were 13 episodes of hypoglycaemia during closed-loop and 20 dur-
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Table 4.5: Summary of hypoglycaemia episodes

Afternoon Evening Overnight Morning Overall
(14:00-18:00) (18:00-23:00) (23:00-07:30) (07:30-12:30) (14:00-12:30)

CL CSII CL CSII CL CSII CL CSII CL CSII

2.5 < Plasma glucose ≤ 3.0 mmol/l 3 5 1 2 1 2 3 3 8 12
2.0 < Plasma glucose ≤ 2.5 mmol/l 3 4 0 1 0 0 2 0 5 5
Plasma glucose ≤ 2.0 mmol/l 0 1 0 0 0 1 0 1 0 3

Total 6 10 1 3 1 3 5 4 13 20

Notes: Data are number of episodes.
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ing CSII (Table 4.5). There were three episodes ≤ 2.0 mmol/l, all of which occurred

during CSII visits.

The majority of hypoglycaemia occurred following moderate intensity exercise

(25 episodes) with 16 during afternoon and nine during morning exercise sessions.

Eleven episodes occurred even with ingestion of a larger snack (30g carbohydrate)

prior to exercise.

Of the total 33 hypoglycaemic episodes, 24 occurred in the first six subjects. Fol-

lowing amendment of the study protocol to include additional 15g carbohydrate

snacks in the middle and at the end of exercise sessions for capillary glucose ≤ 6.0

mmol/l, there were only nine episodes occurring in the remaining six subjects. All of

the hypoglycaemic episodes requiring more than 15g rescue carbohydrate occurred

prior to the study protocol amendment (four during closed-loop and three during

CSII).

During the overnight period, there were four hypoglycaemic episodes, three of

which occurred in the two women who also experienced multiple events during the

daytime. Three occurred before midnight: one during closed loop (23:30) and two

during CSII (23:15 and 23:40). After midnight, there was one episode of hypoglycae-

mia during CSII at 03:00.

4.5.2.5 Meals and insulin

Average insulin infused did not differ between closed-loop and CSII; 0.7 U/h versus

0.8 U/h, p = 0.347 (Table 4.2). Figure 4.7 shows the median basal insulin infused.

Individual insulin profiles are given in Appendix A. Considering individual time

periods, infusion rates were similar between visits, with the lowest rates seen during

the afternoon involving moderate intensity exercise on both interventions (Table 4.4).

Basal infusion during closed-loop was minimal following the evening meal from 18:00

until 19:30 (Figure 4.7).

Baseline insulin doses, prandial boluses and quantity of carbohydrates consumed

for snacks are summarised in Table 4.6. Two women used complex boluses (dual

or square wave) for meals, whilst the remainder used normal boluses. Meal boluses

were generally larger during closed-loop despite women using the same method for

bolus calculation and consuming identical meals on both closed-loop and CSII visits.

A minority of women had correction boluses of insulin with snacks: one before

afternoon exercise, three at bedtime, and four women corrected before morning ex-

ercise. The total quantity of snacks consumed for afternoon exercise ranged from
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Figure 4.7: Insulin infusion rates during closed-loop and CSII
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15 − 75g carbohydrate, with at least 45g carbohydrate required on nine (of the total

24) occasions. During the morning exercise, carbohydrates consumed ranged from

0 − 60g (snack declined on two occasions based on capillary glucose testing after

breakfast), with 45g or more carbohydrate required on three visits.

Measured plasma insulin concentration was similar between interventions; 120

pmol/l versus 107 pmol/l, p = 0.875 (Table 4.2). A higher median peak plasma

insulin concentration was seen following meals during closed-loop, which may be

related to the larger boluses taken for dinner and breakfast (Figure 4.8). Another

reason may be the marked decrease in basal rates after the evening meal under model

predictive algorithm control resulting in apparently more pronounced peak insulin

levels.

In the morning after breakfast, a second peak in plasma insulin concentration

was observed during closed-loop (Figure 4.8) with a corresponding higher insulin
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Table 4.6: Summary of insulin amounts and carbohydrates consumed

Closed-loop CSII

Median IQR Median IQR

Pre-study
Total daily insulin (U) 53.2 (35.4, 73.4) 54.1 (33.7, 70.9)
Total daily bolus (U) 31.2 (24.0, 39.6) 24.9 (23.1, 49.3)
Total daily basal (U) 20.1 (15.6, 29.8) 17.8 (13.8, 20.3)
Total daily insulin/kg (U) 0.7 (0.5, 0.9) 0.7 (0.5, 0.9)

During study
Lunch carbohydrate (g)a 50 50
Lunch bolus (U) 7.2 (5.0, 10.8) 6.5 (4.9, 10.0)
Afternoon snack carbohydrate (g)b 30 (30, 58) 32 (16, 60)
Afternoon snack bolus (U) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0)
Dinner carbohydrate (g)a 60 60
Dinner bolus (U) 8.6 (5.6, 11.5) 7.1 (4.7, 11.1)
Bedtime snack carbohydrate (g)b 15 15
Bedtime snack bolus (U) 0.0 (0.0, 0.4) 0.0 (0.0, 1.1)
Breakfast carbohydrate (g)a 50 50
Breakfast bolus (U) 8.0 (5.7, 10.6) 6.3 (3.8, 8.9)
Morning snack carbohydrate (g)b 15 (15, 18) 15 (15, 30)
Morning snack bolus (U) 0.0 (0.0, 0.0) 0.5 (0.0, 2.1)

Notes: a Size of meal identical across subjects, on closed-loop and CSII visits; b size of

snack varied according to capillary glucose readings prior to, and during, exercise.

delivery (Figure 4.7), most likely due to rising glucose following the pre-exercise

snack. Importantly, this increased insulin delivery was not associated with a greater

risk of hypoglycaemia post exercise (Table 4.5). Additionally, no correction boluses

were required on closed-loop compared with 0.5U on CSII (Table 4.6).

4.5.3 Sensor accuracy

The median relative absolute difference between the FreeStyle Navigator (Abbott Di-

abetes Care, Alameda, CA, USA) sensor and reference plasma glucose measurements

was 13.3%. This is higher than previously reported in a closed-loop study in pregnant

women with type 1 diabetes carried out under sedentary conditions (11.4%),[108] and

is most likely related to daytime glucose fluxes with meals and physical activity. The

Clarke error grid analysis in Figure 4.9 illustrates the relationship between sensor

and reference glucose values, showing the majority of values in zones A and B, with
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Figure 4.8: Plasma insulin concentration profiles during closed-loop and CSII
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a smaller proportion in zone D.

4.6 Discussion

This is the first randomised crossover study of closed-loop in pregnancy, evaluating

women with type 1 diabetes during normal daily activities. This study aimed to

replicate a typical day at home or work including consumption of regular meals

and snacks, and scheduled low and moderate intensity activity. Closed-loop was as

effective as conventional insulin pump therapy, with 81% of time spent with glucose

levels in the recommended range for pregnancy (3.5 − 7.8 mmol/l).[94] The lack of

difference between interventions is likely due to the optimally-controlled cohort of

women studied (baseline HbA1c 6.4%).

In comparison with the overnight period, optimal daytime glycaemic control is

significantly more challenging. A previous study in pregnant women with type 1

diabetes evaluated overnight closed-loop under sedentary conditions demonstrating
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Figure 4.9: Clarke error grid analysis showing accuracy of FreeStyle Navigator CGM
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84% and 100% time in target during early and late gestation, respectively.[108] As

the closed-loop adjusts basal insulin infusion rates alone, it is likely to have less of

an impact during the daytime when 45 − 60% of insulin was delivered as boluses

for meals. In addition, the increasing ratio of bolus to basal insulin with advancing

gestation may further limit the influence of closed-loop insulin delivery.

No additional insulin infusion was required during closed-loop. Excess insulin

therapy may result in unnecessary weight gain, which may be associated with ad-

verse obstetric outcomes during pregnancy.[54]

Of note, women did not have access to CGM during either visit, hence adjust-

ments for exercise and meals were made using fingerprick glucose alone, without

input from the study clinicians. During CSII visits when usual pre-programmed

basal rates were continued, mean glucose was 5.8 mmol/l and women achieved 81%

time in target.[108] These values represent substantially better glycaemic control than

previously reported from free-living studies using CGM in pregnancy.[223] Although

the study was designed to be as realistic as possible, the laboratory setting may have

had an influence on the improved glycaemic control seen. One possible reason is
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that women were motivated and had more time to engage in their diabetes care,

in contrast to the home situation where work and family commitments may take

precedence. Nonetheless, glycaemic targets were achieved with existing strategies in-

cluding carbohydrate counting, fingerprick glucose testing and conventional insulin

pump therapy.

4.6.1 Postprandial periods

Postprandial hyperglycaemia was observed during both closed-loop and CSII visits,

particularly following breakfast when approximately 30% of time was spent above

target (> 7.8 mmol/l). Similar elevated glucose levels (28 − 44% above target) follow-

ing a 60g-carbohydrate breakfast were seen in a previous feasibility study of closed-

loop in pregnancy.[108] Use of stable isotope tracers demonstrated time to appear-

ance of half the glucose from the sugar-rich breakfast of 58 minutes, compared with

109 minutes for the starch-rich evening meal in addition to a second peak two to four

hours later.[224] These results indicate faster absorption of sugar-rich meals, which

may explain the steep rise in glucose levels after breakfast during my study.

The quantity and type of meals provided may have differed from womens’ usual

diet. In gestational diabetes, reduction in total daily carbohydrate intake in addition

to preferential consumption of low glycaemic index carbohydrates may improve gly-

caemic control.[144] In my study, all meals complied with American College of Ob-

stetricians and Gynaecologists guidelines comprising 40 − 50% carbohydrates, 20%

protein and 20 − 30% fat, although the glycaemic index of carbohydrates consumed

was not considered.[225]

Prandial insulin doses were calculated using womens’ usual bolus wizard calcu-

lators during both interventions. Inaccurate estimation of the meal bolus, for exam-

ple due to incorrect pre-programmed insulin to carbohydrate ratios, may have con-

tributed to the rise in glucose levels following meals. Another reason may be a delay

in insulin absorption, over and above that seen outside of pregnancy, which may be

related to increasing insulin resistance with advancing gestation. Time to peak insulin

concentration following meals was 49 minutes during early and 71 minutes during

late gestation in a study of women with type 1 diabetes.[224] These results suggest

that administration of insulin at least 15 − 30 minutes before meals may be required

to overcome the delays in insulin absorption during pregnancy. In my study, insulin

boluses were administered 10 minutes prior to meals, unless fingerprick glucose was

below 4.0 mmol/l. Importantly, these strategies to improve daytime glycaemic con-
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trol can be implemented using conventional insulin therapy. A closed-loop system

with meal announcement, as employed in this study, may overcome the discrepancy

between rapid appearance of meal-derived glucose in the bloodstream and delayed

absorption of subcutaneously delivered insulin.

4.6.2 Exercise

Compared with conventional CSII, closed-loop reduced the frequency of hypogly-

caemic episodes (13 versus 20) and the low blood glucose index. Several factors may

influence glycaemic control with exercise. The majority of hypoglycaemia episodes

were associated with moderate intensity exercise despite anticipatory 15g carbohy-

drate snacks, or 30g for fingerprick glucose below 6.0 mmol/l. This is similar to

the American Diabetes Association recommendation of additional carbohydrates for

glucose less than 5.6 mmol/l prior to physical activity.[226] Exercise was delayed if

capillary glucose was below 4.0 mmol/l, comparable to the American Diabetes As-

sociation guideline of 4.4 mmol/l. The inclusion of additional 15 − 30g carbohydrate

snacks during and at the end of exercise reduced the occurrence of hypoglycaemia.

The composition of the snacks consumed (high versus low glycaemic index) are likely

to have had a variable effect on glucose control, although this was not specifically

evaluated.

During CSII visits, women set temporary basal rates for exercise according to

their usual practice, using capillary blood glucose levels alone. During closed-loop

visits, information on exercise timing and duration was announced to the algorithm

one hour prior to exercising. Although the model predictive control algorithm used

is updated continuously in real-time, rapid changes in glucose levels during exercise

may lead to delays in glucose sensing in interstitial fluid and subsequent delays in

appropriate adjustment of insulin infusion rates. Compared with CSII visits, closed-

loop basal insulin delivery was minimal during and following both exercise sessions,

suggesting the prandial insulin dose had a greater effect (Figure 4.7). Although the

majority of women reduced their prandial insulin bolus prior to exercise, this was

estimated using their usual bolus calculators, and hence may not have been enough

to prevent a decline in glucose levels. A study in non-pregnant adults with type 1

diabetes evaluated the effect of exercise performed 90 minutes after administration

of an insulin bolus for a 48g carbohydrate breakfast, similar in design to the morn-

ing exercise in my study.[227] Both a 50% reduction in pre-meal insulin and pump

suspension during exercise were required to prevent hypoglycaemia.
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The physical activity performed in my study was of low to moderate intensity,

which is associated with a greater risk of hypoglycaemia.[187] This may be one reason

for the hypoglycaemia observed. Additionally, the scheduling of exercise within two

to three hours of the antecedent mealtime insulin bolus is likely to have had an

effect on the observed glycaemic responses. As the duration of action of rapid acting

insulin is up to four hours, the prandial insulin bolus was likely to have had an effect

on glycaemic control at the time of exercising.

The frequency of hypoglycaemic episodes was much higher for afternoon com-

pared with morning exercise (16 versus 9 episodes). This may have been due to

greater energy expended in the afternoon prior to the treadmill exercise including an

eight minute step test to calibrate the Actiheart and effort expended in arriving to the

study visits (e.g. walking from the car park and carrying an overnight bag). A pre-

vious study showed a higher risk of hypoglycaemia when exercise was undertaken

in the afternoon compared with the morning.[228] The occurrence of hypoglycaemia

in the afternoon on closed-loop visits may be related to inadequate time for the al-

gorithm to establish optimal glycaemic control, as it was commenced only one hour

prior to exercise. Previous studies in children using the same algorithm demonstrated

improving performance of closed-loop with longer duration of use.[104]

Late afternoon exercise may be associated with an increased risk of nocturnal

hypoglycaemia.[194; 195] In my study, glucose levels were in target range for 95 −

100% of the overnight period, with 0% time in hypoglycaemia during both interven-

tions. There were no episodes of hypoglycaemia during closed-loop after midnight.

Following the evening meal, closed-loop provided safer glucose control with signif-

icantly less time spent in hypoglycaemia. Additionally, the higher plasma glucose

at bedtime (23:00) during closed-loop (6.8 mmol/l versus 5.6 mmol/l during CSII)

may be a safer glucose concentration to minimise risk of hypoglycaemia overnight.

Blood glucose < 6 mmol/l was the strongest predictor of nocturnal hypoglycaemia

in a study in women with type 1 diabetes during early pregnancy.[229]

Both prior exercise and hypoglycaemia may impair the counter-regulatory re-

sponse to subsequent exercise with ensuing increased risk of hypoglycaemia.[196;

197] Except for two episodes (occurring in the same subject), all of the episodes of

morning hypoglycaemia occurred in women who had experienced hypoglycaemia

the day prior. Similarly, any hypoglycaemia prior to arrival for study visits may have

increased the risk of later episodes during the study period.
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4.6.3 Strengths and limitations

The study was designed to approximate a real-life setting with normal daily activities

including exercise, meals and snacks. This was in preparation for testing the closed-

loop system in the home environment where patients are faced by such challenges

on a daily basis. The exercise performed was achieved without any discomfort, with

the perceived level of exertion reported as light or very light. Importantly, the 24-

hour study period enabled evaluation of the effect of exercise on glucose levels over

a longer duration, including overnight. Activities were matched on both visits to

enable direct comparison of glucose control between interventions, and an objective

measure of physical activity energy expenditure was used.

Women were able to select from at least four choices for meals and eight choices

of snacks, thus simulating the range of foods that might be consumed at home, in

addition to evaluating the ability of the control algorithm to cope with foods of vary-

ing macronutrient content. One limitation of standardising the meals was that the

women were required to eat the specified amount, regardless of whether that was

consistent with their usual practice. This may have contributed to the higher glucose

levels seen following breakfast, as a large proportion of the women reported that

they often consume fewer carbohydrates for breakfast at home. The glycaemic index

of the snacks consumed for exercise, which is likely to have a differential effect on

glucose levels, was not ascertained.

Despite trying to mimic normal daily activities as closely as possible, large parts of

the study visits were spent reclining in bed which is not representative of outpatient

life, and highlights one of the limitations of clinic-based research.

All of the women studied had very well controlled diabetes at baseline, which

is likely to have an effect on the degree of hypoglycaemia and hyperglycaemia ob-

served. This may have been because women who are more motivated and engaged

in the management of their diabetes are more likely to volunteer to take part in re-

search. Evaluation of women with suboptimal glycaemic control is warranted, as this

cohort is likely to derive a benefit from closed-loop insulin delivery.

4.7 Conclusion

In conclusion, in this cohort of well controlled women with type 1 diabetes during

pregnancy, closed-loop insulin delivery was as effective as conventional pump ther-

apy during a typical day including meals, snacks and physical activity. Moderate
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intensity exercise was undertaken on consecutive days without any discomfort. Hy-

poglycaemia was common following exercise sessions during both interventions, but

closed-loop prevented nocturnal episodes. The effectiveness of closed-loop may be

lower in the daytime when a relatively higher proportion of total daily insulin is

attributed to boluses. This effect may be even more pronounced during pregnancy,

due to the increasing ratio of bolus to basal insulin with advancing gestation. Even

with conventional insulin pump therapy guided by fingerprick glucose tests alone,

women achieved 80% overall and 100% overnight time in target glucose, suggesting

those who are motivated can achieve optimal glycaemic control with the currently

available strategies.
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Chapter 5

Energy expenditure and glucose

control in pregnancy

5.1 Background

5.1.1 Exercise in type 1 diabetes

5.1.1.1 Benefits

Regular physical activity in healthy individuals is associated with several physio-

logical gains, including improved cardiovascular fitness, body composition, blood

pressure and lipid profiles.[230] In addition, exercise has been shown to increase

insulin sensitivity and lower the incidence of new diabetes.[231]

In a cohort study of 500 people with type 1 diabetes, there was a significant

inverse relationship between activity levels and occurrence of diabetes-related com-

plications as well as mortality risk at seven years follow up.[232] Although the cardio-

vascular benefits of exercise in type 1 diabetes are well known, there is less evidence

of an improvement in glycaemic control. Reduced insulin requirements and/or the

increased caloric intake required to prevent exercise-induced hypoglycaemia are pos-

sible explanations for a masking of improvement in glucose control.

5.1.1.2 Targets

Despite awareness of the positive effects of exercise, activity levels amongst patients

with type 1 diabetes remain low, largely due to the challenges in maintaining normal

glucose levels and avoiding hypoglycaemia.[233] This risk is even greater during
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pregnancy due to increased energy demands placed by the foetus as well as the

tighter glycaemic targets necessitated to avoid hyperglycaemia-related adverse foetal

and obstetric outcomes.[176]

For healthy adults, the American College of Sports Medicine recommends a min-

imum of 30 minutes of moderate intensity exercise such as brisk walking five days

a week, in addition to 20 minutes of vigorous aerobic activity such as jogging three

days a week, and resistance training and neuromotor exercises at least two days a

week.[230] The American Diabetes Association position statement declares that ‘all

levels of physical activity, including leisure, recreational and competitive sports, can

be performed by people with type 1 diabetes who do not have complications and

are in good blood glucose control’.[226] The American College of Obstetricians and

Gynaecologists published guidelines for exercise in pregnancy in 2002, recommend-

ing at least 30 minutes of exercise on most days of the week in otherwise healthy

pregnant women. In those with type 1 diabetes, prior medical evaluation is indicated

only for those with poor control.[234]

5.1.1.3 Relationship with glucose control

With the wider availability of CGM and accelerometry, increasing efforts are being

made to understand the relationship between physical activity and glycaemic control.

A significant correlation (0.58 − 0.99) was seen in six (of a total 16) children with type

1 diabetes, monitored with a physical activity sensor (Diatrace) and CGM for up to

three days.[235] Evaluation in 11 adults with type 1 diabetes during 30 minutes of

exercise failed to demonstrate a correlation between declining plasma glucose levels

and increasing heart rate and accelerometry counts.[236]

5.1.1.4 Measuring physical activity

There is a lack of data on physical activity energy expenditure (PAEE) during preg-

nancy. A major limitation of studies evaluating exercise is the reliance on subjective

self-reporting methods, which are confounded by misreporting and a tendency to

overestimate energy expenditure.[237] The International Physical Activity Question-

naire under-predicted less intense and over-predicted more intense activity in a study

in healthy women during pregnancy, compared with more objective methods.[238]

The gold standard for measuring energy expenditure under free-living conditions

is the doubly-labelled water technique.[239] This method is however expensive and

time consuming and does not provide information on the frequency and intensity of
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physical activity, which may be better assessed by pedometers (less sensitive during

upper body exercise) or accelerometry.

Accelerometers are portable motion sensors which have been validated against

the doubly-labelled water method in non-pregnant populations.[240] A wrist-worn

tri-axial accelerometer failed to provide a reliable measurement of PAEE in pregnancy

when compared with non-pregnant women.[241] Accelerometry alone may underes-

timate PAEE due to its limited ability to detect lower levels of physical activity as

occurs in late gestation.[237; 242] Heart rate is directly related to oxygen consump-

tion, but on its own may not be an accurate measure of PAEE during low intensity

activity when changes in heart rate are less pronounced, and may be confounded

by factors which increase resting heart rate such as stress and pregnancy itself. Use

of combined heart rate and accelerometry monitoring may provide a better estima-

tion of PAEE.[243] One such device is the Actiheart (Cam Ntech Ltd, Papworth, UK)

which has been employed in two studies in pregnancy to date.[244; 245]

5.1.2 Exercise in pregnancy

During pregnancy, additional benefits of exercise include limitation of excess mater-

nal weight gain, fewer delivery-related complications, as well as an improved foetal

stress response and reduced fat mass.[246] Regular moderate to high intensity cycle

training in healthy pregnant women attenuated the rise in insulin resistance nor-

mally seen with increasing gestation.[247] The benefits of exercise on weight, fat

mass and cardiovascular profiles have been shown to be maintained several years

after pregnancy.[248]

Although the beneficial effects of exercise are widely accepted, the majority of

studies evaluating the effect of physical activity in diabetic pregnancy have been

carried out in women with or at risk of gestational diabetes mellitus, demonstrating

improved insulin sensitivity and better glycaemic control.[249; 250]

There is no objective data on physical activity in pregnant women with type 1

diabetes. Only one study, carried out over 25 years ago, evaluated the effect of a

postprandial walking programme in this patient group, showing an improved lipid

profile with no difference in glycaemic control.[251]

Physical activity levels are lower in pregnancy and decline with advancing gesta-

tion, compensating for the increased energy cost of exercise.[217] Total energy expen-

diture, which is a composite measure of basal metabolic rate (60− 75%), diet-induced

thermogenesis (10%) and activity energy expenditure (25 − 30%), is increased. This
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is due to a 20% higher basal metabolic rate in pregnancy, attributed to accelerated fat

and protein synthesis, increased tissue mass and increased overall metabolic load, all

of which increase with advancing gestation.[219]

Longitudinal assessment of physical activity using accelerometry and self-report

questionnaires in overweight pregnant women in England found that over 60% ach-

ieved the minimum recommended 30 minutes of moderate intensity activity daily,

which was maintained throughout gestation.[252] Another UK study evaluating 64

normal weight women using a multi-axial accelerometer demonstrated a progressive

decline in physical activity levels with advancing gestation.[242] The accelerometer

used was less accurate at detecting the low levels of activity more common in late

pregnancy, and compliance with wear also declined over time.

A study using a multi-axial accelerometer, doubly labelled water and indirect

calorimetry in pregnant women in Sweden showed that 63 minutes per day (4%) was

spent in moderate activity.[253] Compared with non-pregnant women, 92 more min-

utes was spent on sedentary activity with 94 minutes less on standing and walking,

in addition to choosing a slower pace. In another Swedish study, physical activity

patterns were evaluated in healthy and overweight women using a combined heart

rate and movement sensor, doubly-labelled water and indirect calorimetry.[245] Com-

pared with controls, pregnant women spent 13% more time sedentary and 71% less

time in moderate-vigorous intensity activity. Despite 44% lower total activity levels,

pregnant women achieved a similar exercise-related improvement in insulin sensi-

tivity. Accelerometry and indirect calorimetry assessment of energy expenditure in

27 healthy Swiss women showed a 20% higher resting metabolic rate, accounting

for the increase in total energy expenditure during late pregnancy compared with

postpartum.[244] PAEE, adjusted for body weight, was lower during pregnancy with

more time spent in less intense activities.

5.1.3 Glucose control in pregnancy

5.1.3.1 Targets

Recommended glycaemic targets for pregnant women with diabetes are fasting glu-

cose between 3.5− 5.9 mmol/l and one hour-postprandial level below 7.8 mmol/l.[94]

Continuous glucose monitoring (CGM) profiles recorded in 57 healthy women dur-

ing pregnancy demonstrated mean fasting glucose of 4.2 mmol/l and postprandial

peak glucose of 6.1 mmol/l.[254] These glucose profiles are significantly lower than

the levels currently recommended for women with diabetes, suggesting that tighter
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glycaemic targets levels may be required to reduce the risk of adverse maternal and

foetal outcomes.[255] In a study of 12 CSII-treated pregnancies, despite maintain-

ing strict glycaemic targets with mean Hba1c 6.5%, 5.9% and 5.8% in trimesters 1, 2

and 3 respectively, mean birth weight was still increased with large for gestational

age infants in 35%.[256] It is suggested that a mean glucose of 5.3 mmol/l or lower

throughout the second and third trimesters may be required to achieve normal foetal

growth.[257]

5.1.3.2 Evidence from CGM

The emergence of CGM over the last decade has revolutionised the monitoring of

diabetes. Its use in pregnancy may be especially valuable in detecting the dynamic

glucose excursions that occur with the physiological changes of advancing gestation.

Evidence of CGM use in pregnancy is increasing. The high day to day glucose vari-

ability was shown in a study of pregnant women with type 1 diabetes using CGM for

two days.[258] Another study observed a mean time spent in hyperglycaemia (> 7.8

mmol/l) of 192 minutes/day, not detected by SMBG.[259] Nocturnal hypoglycaemic

events (< 2.8 mmol/l) occurred in 26 of the 34 women (76%), one-third of whom did

not experience any symptoms. Assessment of glycaemic control using retrospective

CGM worn in each trimester showed that women with type 1 diabetes spent only 43%

of the day in euglycaemic range (3.9− 7.8 mmol/l) in the first trimester during which

critical foetal development occurs, improving to only 56% by the third trimester.[223]

Almost 33% time was spent hyperglycaemic, while time spent in hypoglycaemia was

14% overall and 16% overnight.

A randomised trial of intermittent retrospective CGM use (worn for up to seven

days, at four to six week intervals) in 71 women with pregestational diabetes pro-

vided evidence of a benefit of CGM on clinical outcomes.[215] Compared with stan-

dard antenatal care, CGM resulted in an improvement in HbA1c in late gestation

from 6.4% to 5.8%, lower mean birth weight and reduced risk of macrosomia. A

recent study in 25 women evaluating continuous (daily) versus intermittent (14 days

per month) real-time CGM from three months pre-conception until delivery, found

no difference in maternal and foetal outcomes with both groups demonstrating sim-

ilar decline in HbA1c from first to third trimester.[260]
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5.2 Rationale

The relationship between physical activity and glucose levels is multifactorial, further

complicated by the unique physiology of pregnancy. There is no objective evidence

on physical activity patterns or energy expenditure in pregnant women with type 1

diabetes. Several previous studies have evaluated glycaemic control using CGM in

mixed groups of women, including those with type 1 and 2 diabetes and on both

MDI and CSII. None have used CGM in a cohort of women exclusively on CSII. Fur-

thermore, none have studied the effects of controlled diet and exercise on glucose

levels. Detailed evaluation of PAEE and glycaemic control may contribute to the de-

velopment of evidence based guidelines for optimising diabetes management during

pregnancy.

5.3 Aim

The aim of this study was to objectively investigate physical activity energy expendi-

ture and glucose control as measured by continuous glucose monitoring, in pregnant

women with type 1 diabetes during free-living and structured diet and exercise con-

ditions.

5.4 Methods

5.4.1 Study design

As part of the study evaluating closed-loop insulin delivery in pregnancy described

in Chapter 4, activity patterns and glucose levels in ten women with type 1 diabetes

were investigated, under free-living and controlled study conditions.

5.4.1.1 Controlled diet and exercise conditions

Women attended a clinical research facility from midday until 12:30 the following

day. Activities of varying intensity, measured in metabolic equivalents (METs), were

planned over the 24-hour study period, based on reference values.[261] The study

protocol included scheduled low (three 20-minute self-paced walks after meals) and

moderate (two 55-minute sessions of brisk treadmill walking, each with a 5 minute

rest interval) intensity exercise. The Borg rating of perceived exertion was used to

assess effort level during exercise (Figure 4.3).[220] In between scheduled exercise,
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women undertook sedentary tasks such as working on a computer, watching televi-

sion or reading.

Participants were given standardised 50 − 60g carbohydrate meals and a 15g car-

bohydrate snack before bed. All meals were accompanied by an insulin bolus, cal-

culated using the pump bolus wizard or insulin to carbohydrate ratios. Additional

snacks were consumed according to capillary glucose measured prior to, during and

after treadmill exercise. Women continued their standard insulin pump regimen,

and were able to set temporary basal rates and/or reduce pre-exercise meal insulin

boluses.

A FreeStyle Navigator CGM (Abbott Diabetes Care, Alameda, CA, USA) was in-

serted one to two days prior to the study visit. Women did not have access to CGM

readings, and any adjustments to insulin doses were made using capillary glucose

measurements. A non-invasive combined heart rate and accelerometer device (Ac-

tiheart, Cam Ntech Ltd, Papworth, UK) was individually calibrated for each subject

and attached on arrival (Figure 4.2).[216]

5.4.1.2 Free-living conditions

On completion of the controlled study, women were asked to continue wearing both

the CGM and acclerometer at home in order to obtain free-living data. Basic training

and written instructions on device calibration and interpretation of real-time CGM

data (available to women at home) was provided. The Actiheart could be worn con-

tinuously throughout out the day and overnight, including whilst bathing. Women

were provided with extra electrocardiogram pads to be replaced if the existing ones

came loose from the skin due to moisture. During the recording period, women were

asked to consume meals and carry out physical activity according to their usual daily

routine (ad libitum). To reduce any persisting effect of the controlled study condi-

tions, the first 24 hours of PAEE was not considered for analysis. At the end of the

free-living recording period, women returned the Actiheart and CGM devices, which

were downloaded retrospectively.

5.4.2 Measurements

5.4.2.1 Demographic and anthropometric information

Demographic data was collected at the baseline screening visit. Weight was measured

to the nearest 0.1kg using calibrated electronic scales (Kern & Sohn GmbH, Germany)
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Figure 5.1: Example of Actiheart recording

and height to the nearest 0.1cm using a calibrated stadiometer (Seca, UK), on arrival

to the clinical research facility for the controlled study.

5.4.2.2 Physical activity energy expenditure (PAEE)

PAEE was measured using the Actiheart device (Cam Ntech Ltd, Papworth, UK). An

example of the recording is shown in Figure 5.1.

5.4.2.3 Continuous glucose monitoring

The FreeStyle Navigator CGM (Abbott Diabetes Care, Alameda, CA, USA), with a

one-hour run-in calibration period and calibrated with capillary glucose measure-

ments, measured sensor glucose.

5.4.3 Statistical analysis

PAEE was computed using the Actiheart software programme. Sleeping heart rate,

calculated as the highest of the 60 lowest heart rate recordings during a 24 hour pe-

riod, was used with the step test derived individual calibration parameters to adjust

a heart rate-energy expenditure equation. This was then introduced into a branched

equation model, combining heart rate and accelerometry, to estimate PAEE.[222] An

adjustment was made for diurnal stability and the probability of device wear. Record-

ings with 50% or lower likelihood of device wear based on combined heart rate and

120

Chapter5/Chapter5Figs/trace.eps


5.5. RESULTS

accelerometry, were excluded.

Proportion of time spent in various activities was described as metabolic equiv-

alents, a concept which expresses the energy cost of physical activity as a multiple

of basal metabolic rate where one MET (kcal/kg/hr) equates to resting oxygen con-

sumption, conventionally set at 3.5 ml O2/kg of body weight/min based on an av-

erage 70-kg male. Metabolic equivalents can be used as an index of the intensity of

physical activity, which was categorised as sedentary (≤ 1 MET), light (1 − 3 METs),

or moderate to vigorous (> 3 METs).[261]

Glycaemic outcomes were calculated using sensor glucose for overall (14:00-12:00)

and overnight (23:00-07:30) periods. These included time spent within, above and be-

low target glucose defined as 3.5− 7.8 mmol/l, based on National Institute for Health

and Clinical Excellence guidelines for pregnancy.[94] Mean glucose, standard devia-

tion of glucose and the low blood glucose index were also calculated.[97] Episodes of

hypoglycaemia were quantified during the controlled study.

Values are given as median (interquartile range) or mean ± standard deviation.

Significant differences (p ≤ 0.05) were identified using non-parametric t-tests for

paired data. Analyses were conducted using SPSS Version 15 (SPSS Inc, Chicago, IL,

USA).

5.5 Results

5.5.1 Demographic data

Ten women of the original cohort which took part in the closed-loop study completed

the free-living phase of the study. The baseline characteristics of these women are

summarised in Table 5.1.

5.5.2 Activity patterns and energy expenditure

A 22-hour consecutive period of PAEE recordings during free-living at home, matched

in time to the controlled study visit (14:00-12:00), was evaluated. Median PAEE dur-

ing free-living was 15.9 kJ/kg/day with the wide interquartile range (10.8, 22.9) indi-

cating a greater variability in intensity of physical activity at home (Table 5.2). Most

of the day was spent sedentary (54%) or in light activity such as standing (43%), with

only 2% spent in moderate intensity activity.

During controlled study conditions including structured exercise, PAEE was 21.2

(18.2, 22.4) kJ/kg/day, with 62% of time spent sedentary, 30% in light activity and 8%
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Table 5.1: Demographics of 10 participants

Characteristic Number of subjects Mean Standard deviation

Age (years) 33.2 3.7
Weight (kg) 78.7 10.0
BMI (kg/m2) 27.9 3.3
Diabetes duration (years) 16.6 9.7
Pump duration (years) 2.4 2.8
HbA1c (%) 6.5 0.4
Total daily insulin (U) 49.5 18.3
Gestation (weeks) 19.7 5.7
Parity

Nulliparous 7
Multiparous 3

Ethnicity
European 10
Other 0

Current employment status
Full-time (≥ 35 hours/week) 7
Part-time (< 35 hours/week) 3
Unemployed 0

Living with partner
Yes 10
No 0

Smoker
Yes 0
No 10

in more intense activity. The median Borg score was 10 and 9 during the afternoon

and morning exercise, respectively, indicating a ‘very light’ perceived level of exertion

(Figure 4.3). Overall, the minimum rating was 7 with a maximum of 15.

Median PAEE during free-living and controlled study conditions is shown in Fig-

ure 5.2. During free-living, the majority of ambulatory time (from 07:30 until 22:30

approximately) was spent in light activity. The highest PAEE was observed between

07:30 and 09:00, while lowest PAEE whilst ambulatory was recorded between 21:00

and 22:30. During the controlled study, significantly higher PAEE was achieved dur-

ing scheduled exercise. Peak PAEE levels were only slightly higher during moderate

intensity brisk treadmill walking (15:00 and 09:30), compared with the low intensity

postprandial walks (14:00, 19:30 and 09:00). In between scheduled exercise, PAEE

was minimal, indicating that the women were sedentary, except for a short period

of light activity in the morning after breakfast corresponding to having a wash and

122



5
.5

.
R

E
S

U
L

T
STable 5.2: Physical activity energy expenditure and time spent in sedentary, light and moderate intensity activity

Units Free-living Controlled study P-value

Physical activity energy expenditure kJ/kg/day 15.9 21.2 0.241
(10.8,22.9) (18.2,22.4)

Sedentary time (MET = 1) % 54 62 0.047*
(47,65) (59,70)

Minutes 778 893
(677,850) (850,1008)

Time spent in light activity (1 < MET ≤ 3) % 43 30 0.005*
(34,49) (23,33)

Minutes 619 432
(490,706) (331,475)

Time spent in moderate activity (MET > 3) % 2 8 0.022*
(1,5) (8,10)

Minutes 27 121
(14,68) (108,147)

Notes: MET denotes metabolic equivalents. Data are median (interquartile range). * Denotes statistical significance at the 5% level.
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getting ready.

5.5.3 Glycaemic control

5.5.3.1 Day and night

Overall mean sensor glucose was much higher during free-living compared with the

controlled study (7.7 mmol/l versus 6.0 mmol/l; p = 0.028), with a trend towards

increased proportion of time spent in hyperglycaemia (28% versus 17%; p = 0.059).

The outcomes are summarised in Table 5.3.

The median glucose profile shown in Figure 5.3 was generally higher during free-

living, with glucose levels remaining above target range between 20:00 and 23:00. The

interquartile range, illustrating glycaemic variability, was also much wider during

free-living. This disparity was particularly evident in the evening from 19:00, which

is generally the period following consumption of the evening meal. Additionally,

women were least active during this time at home, compared with the controlled

study where women undertook a 20-minute walk after their evening meal (Figure

5.2).

During the controlled study, glucose levels remained within target range for most

of the day, except after breakfast when there was a steep rise in glucose levels. In

comparison, during free-living, hyperglycaemia after breakfast was less marked and

similar to that observed after the evening meal.

5.5.3.2 Overnight

Overnight mean sensor glucose was 7.5 mmol/l during free-living compared with

5.2 mmol/l during the controlled study; p = 0.047 (Table 5.3). Women also had

a significantly higher mean glucose at the start of the overnight period (23:00); 9.6

mmol/l versus 5.9 mmol/l, p = 0.013.

During the controlled diet and exercise study, zero time was spent in hypergly-

caemia overnight compared with 19% at home (p = 0.028). The standard deviation

of glucose, representing glucose variability, was almost halved; 0.7 mmol/l versus

1.3 mmol/l, p = 0.022. This is illustrated in Figure 5.3 by the narrower interquartile

range overnight during the controlled study.
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Figure 5.2: Physical activity energy expenditure during free-living and controlled
study
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Figure 5.3: Sensor glucose profiles during free-living and controlled study
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Table 5.3: Sensor glucose outcomes during free-living and controlled study, for ‘day and night’ and overnight periods

Day and night (14:00-12:30) Overnight (23:00-07:30)

Outcome Free-living Controlled study P-value Free-living Controlled study P-value

Mean sensor glucose (mmol/l) 7.7 ± 2.5 6.0 ± 0.6 0.028* 7.5 ± 3.1 5.2 ± 1.5 0.047*

Starting sensor glucose (mmol/l) 8.6 ± 1.9 7.7 ± 3.0 0.241 9.6 ± 4.6 5.9 ± 1.1 0.013*

Standard deviation of sensor glucose (mmol/l) 2.1 1.7 0.386 1.3 0.7 0.022*
(1.7, 2.9) (1.4, 2.3) (1.0, 1.8) (0.5, 1.1)

3.5 < Sensor glucose ≤ 7.8 mmol/l (%) 69 81 0.285 75 84 0.114
(44, 82) (59, 86) (42, 87) (52, 100)

Sensor glucose ≤ 3.5 mmol/l (%) 2 5 0.161 0 0 0.176
(0, 6) (0, 21) (0, 8) (0, 34)

Sensor glucose ≤ 2.8 mmol/l (%) 0 0 0.500 0 0 0.917
(0, 3) (0, 4) (0, 4) (0, 3)

Low blood glucose index 1.1 2.7 0.139 1.2 2.8 0.241
(0.5, 3.3) (0.6, 5.4) (0.2, 2.9) (0.3, 9.1)

Sensor glucose > 7.8 mmol/l (%) 28 17 0.059 19 0 0.028*
(14, 54) (10, 22) (5, 58) (0, 1)

Sensor glucose > 10.0 mmol/l (%) 12 4 0.074 0 0 0.068
(2, 24) (1, 6) (0, 17) (0, 0)

Notes: Data are mean ± standard deviation or median (interquartile range). * Denotes statistical significance at the 5% level.
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5.5.3.3 Hypoglycaemia

Time spent in hypoglycaemia overall was greater during the controlled study, al-

though not significant (5% versus 2%; p = 0.161). There were 17 episodes of hypogly-

caemia (1.7 episodes per subject) requiring treatment with 15g rescue carbohydrate.

Eleven (65%) episodes occurred during or within two hours of the exercise sessions

on the treadmill despite setting of temporary basal infusion rates (70% of women)

and consumption of supplementary snacks for exercise according to capillary glu-

cose testing (total amount consumed ranged from 15g to 75g carbohydrate). There

was one episode after midnight. Episodes of hypoglycaemia during free-living were

not recorded.

5.6 Discussion

This is the first study to objectively measure amount and intensity of physical activ-

ity energy expenditure in pregnant women with type 1 diabetes. Most of the women

studied were in their second trimester of pregnancy. Seven were nulliparous and

hence likely to have very different activity patterns from those women with children.

The majority of time was spent sedentary (lying down or sitting) or in light inten-

sity activity (e.g. standing, slow walking).[261] Interestingly, the highest PAEE was

recorded between 07:30 and 09:00 (Figure 5.2), when women tend to be engaged in

domestic tasks such as getting ready, preparing meals for the family and travelling

to school or work, suggesting that such habitual light activity accounts for a not in-

significant proportion of daily energy expenditure. The lowest PAEE during waking

hours was measured from 20:00 to 23:00.

Less than 2% of time (27 minutes) was spent in moderate intensity activity, which

is just below the American College of Obstetricians and Gynaecologists recommen-

dation of 30 minutes per day. A study in non-diabetic overweight women in Eng-

land showed, of the total 742 minutes ambulatory, 585 minutes was spent sedentary,

122 minutes in light activity and 33 minutes in moderate to vigorous activity.[252]

Other studies in healthy pregnancy reported times of 57 minutes (Switzerland) and

63 minutes (Sweden) spent at moderate or vigorous intensity.[244; 253] These and

other studies assessed energy expenditure in healthy or overweight pregnant women

[242; 245; 262], but there is no such data in pregnant women with diabetes.

Although there have been several studies using CGM to assess glycaemic control

during pregnancy associated with type 1 and 2 diabetes [215; 223; 258; 259], this
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is the first evaluation of a cohort of women exclusively on insulin pump therapy

and the first to consider the influence of physical activity. Average glucose was 7.7

mmol/l during free-living, which is above National Institute for Health and Clinical

Excellence recommended targets during pregnancy.[94] This level is even higher than

a previously observed second trimester glucose of 7.1 mmol/l in a mixed cohort of

women with MDI and CSII-treated type 1 and 2 diabetes.[223]

Women spent almost one-third of time hyperglycaemic, similar to that reported

earlier,[223] despite almost achieving the recommended 30 minutes of moderate ac-

tivity daily. This suggests that current exercise guidelines may not be sufficient to

achieve glucose targets in pregnancy. Of note, this cohort of women were all op-

timised on CSII with well controlled diabetes (HbA1c 6.4%) on entering the study.

Moreover, they had access to real-time CGM in addition to conventional fingerprick

glucose monitoring at home to make adjustments to their insulin regimen and diet.

This suggests that the availability of technology is not the sole determinant of im-

proved glycaemic control. This may have been because women were not wearing

the device specifically to optimise glucose control and/or because of the challenges

in matching insulin to glucose levels in real life. Another reason may have been

inexperience in using a new device.

During the 24-hour period including a controlled diet and structured exercise,

glucose levels were significantly improved. These benefits were even more strik-

ing during the overnight period, with zero time spent in both hypoglycaemia and

hyperglycaemia. Glycaemic variability was also reduced, which is clinically signif-

icant as fluctuating glucose levels are correlated with an increased risk of severe

hypoglycaemia.[177]

Women attained a higher total PAEE with a greater proportion of time spent in

moderate intensity activity (121 minutes), during the controlled study. This was ach-

ieved without any discomfort, as indicated by the Borg rating of perceived exertion

during exercise. Nonetheless, exercise did result in 11 episodes of symptomatic hy-

poglycaemia within two hours of treadmill sessions. These events occurred despite

setting of temporary basal rate reductions and consumption of supplemental carbo-

hydrates prior to and during exercise. There was only one episode after midnight,

occurring in a subject who had already experienced four episodes of hypoglycae-

mia following moderate intensity exercise the afternoon and evening prior. Notably,

mean sensor glucose was 5.2 mmol/l at 23:00 during the controlled study. Blood

glucose levels below 6 mmol/l at bedtime have been shown to be associated with an

increased risk of nocturnal hypoglycaemia in pregnancy.[229]
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The treadmill exercise sessions were of moderate intensity, which is associated

with a higher risk of decline in glucose levels.[187] Continuous or intermittent higher

intensity exercise is less likely to result in hypoglycaemia, although this type of ex-

ercise may not be practical in pregnancy.[190] Only one other study to date has

evaluated the effect of exercise in pregnant women with type 1 diabetes, showing

improved lipid profiles but no benefit on glucose control of a postprandial walking

programme.[251]

The controlled diet consisted of nutritionally balanced (40 − 50% carbohydrate,

20 − 30% fat, 20% protein), 50 − 60g carbohydrate meals and supplementary snacks

for exercise. A study in overweight women with gestational diabetes found that one-

hour postprandial capillary glucose was < 7.8 mmol/l when meals with 45 − 55%

carbohydrate content were consumed, compared with glucose < 6.7 mmol/l follow-

ing lower carbohydrate (33 − 45%) meals.[263] In comparison, in my study mean

glucose was 6.0 mmol/l during controlled conditions suggesting that glucose targets

may be attainable with a moderate dietary intake, without the need for excessive

carbohydrate restriction. Although women did not have access to CGM readings, it

is likely that they were more engaged in their diabetes and also had more time to

fine tune their insulin boluses and basal rates during the 24-hour stay in the clinical

research facility.

Compared with free-living, glucose levels were higher after breakfast in the morn-

ing under controlled diet and exercise conditions. This period of the day is often the

most challenging for women during pregnancy. One possible reason is that women

were given a higher carbohydrate breakfast compared to that which may be nor-

mally consumed at home. Additionally, during free-living this period was associated

with higher activity levels corresponding to when women are actively engaged in

household tasks and getting ready for work, in contrast to the controlled study when

women were inevitably sedentary in between scheduled walks and exercise.

Light intensity activity alone has been shown to have a positive effect on gly-

caemic control. An Australian study in overweight men and women at risk of dia-

betes found a significant association between light intensity physical activity and two

hour (post oral glucose tolerance test) plasma glucose, with no such association for

moderate or vigorous activity.[264] In my study, reasonable levels of PAEE were ach-

ieved during the low intensity walks after meals (Figure 5.2), suggesting even gentle

walking may have a benefit on glucose levels.

One of the major strengths of this study was the use of an objective method

of quantifying PAEE, compared with subjective measures which may be biased and
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prone to overestimation of activity levels.[237] Various methods, including self-report

questionnaires, pedometers, heart rate monitors and accelerometers, have been em-

ployed in studies evaluating activity levels.[237; 238] The device used in this study

was a combined heart rate and movement sensor, which provides a more accurate

estimate of PAEE compared with heart rate or accelerometry alone.[221] The device

was individually calibrated on each study visit, which reduced the inter-individual

variation in measurement. This is particularly relevant in pregnancy due to the phys-

iological effects on heart rate with advancing gestation. Importantly, compliance with

wear was 100%, thus improving the reliability of the results. However, the validity of

using accelerometry to measure PAEE in pregnancy is undetermined, as it has only

been validated in non-pregnant populations. In addition, accelerometers are less sen-

sitive to detecting the lower intensity activity levels common in pregnancy [242]. The

Actiheart device has been used in two recent studies in healthy pregnant women in

Sweden and Switzerland.[244; 245]

The free-living observations in this study provide reference data which may be

clinically useful. Elevated glucose levels in the evening before going to bed corre-

sponded to the least active period of the day, whilst glucose levels remained in target

in the morning when women were most active. These results suggest a benefit of

physical activity on glycaemic control, and may help in the development of recom-

mendations on timing and intensity of physical activity during diabetic pregnancy.

Limitations of my study include the small number of subjects studied, and the

evaluation of a single day which may not be representative of usual glycaemic con-

trol. All of the women were of Caucasian ethnicity, in full or part-time employment,

and living with a partner. These demographic characteristics may influence activity

levels and degree of self-efficacy in diabetes management, and hence limit general-

isability of the results to all women with type 1 diabetes during pregnancy. Fitness

levels of the participants may have also had an influence on glycaemic responses ob-

served during exercise. Women who volunteer to take part in research are generally

more motivated and engaged in their diabetes care, which may also include a higher

likelihood of undertaking regular exercise. In addition, the active monitoring of glu-

cose and activity levels during the free-living period of the study may have motivated

women to exercise more and be more vigilant in managing their diabetes.

The controlled study was not designed specifically to evaluate the effect of ex-

ercise on glycaemic control. Hence, it was not possible to differentiate between the

influence of diet, insulin and physical activity on glucose levels. Similarly, during

free-living women consumed meals and snacks ad libitum and a diet record was not
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obtained.

5.7 Conclusions

This study describes the first objective data on activity patterns and energy expen-

diture in combination with glucose levels in pregnant women with type 1 diabetes

during free-living. Despite having well-controlled diabetes treated by insulin pump

therapy and almost achieving the daily exercise goals for pregnancy, glucose levels

were above recommended targets, with almost a third of the day spent hypergly-

caemic. As a much higher proportion of time was spent sedentary or in light activity,

guidelines incorporating daily targets for light intensity exercise may be more appro-

priate and achievable in the setting of pregnancy.

This data may serve as a reference for clinicians when titrating daytime basal

insulin regimens to optimise glycaemic control whilst minimising the risk of hypo-

glycaemia during pregnancy. In addition, this information may be used to aid in

the refinement and tailoring of algorithms used to drive insulin delivery in a future

artificial pancreas system.

A programme of structured low and moderate intensity exercise with a controlled

diet resulted in improved glucose levels. Exercise may be crucial to achieving near-

normal glucose control, but even in a controlled setting hypoglycaemia could not be

prevented.
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Chapter 6

Sensor accuracy during exercise in

pregnancy

6.1 Background

6.1.1 Utility of CGM in exercise

Exercise in type 1 diabetes is associated with a significantly increased risk of

hypoglycaemia.[187] Despite awareness of the benefits of exercise, the fear of hypo-

glycaemia often results in over-compensatory behaviours such as excess carbohydrate

consumption or avoidance of exercise, which are associated with worse metabolic

control.[126] Guidelines for type 1 diabetes recommend checking capillary glucose

at least twice before and every 30 minutes during exercise as well on recovery.[226]

This regimen can be difficult to adhere to, particularly if activity must be interrupted

to carry out fingerprick testing. In addition, the information obtained is limited to

isolated glucose measurements. A survey of endurance athletes with type 1 diabetes

found that although the majority monitored glucose levels before and after exercise,

only 50% reported checking during exercise.[265]

The emergence of CGM over the last decade has provided both patients and clin-

icians with a much more detailed picture of glycaemic control.[9] This is especially

useful during physical activity where CGM may serve as a tool to recognise impend-

ing hypoglycaemia or hyperglycaemia, thus enabling appropriate modifications in

therapy. Additionally, CGM may play an important role in detecting delayed, in-

cluding nocturnal, hypoglycaemia that may otherwise go unnoticed when exercise is

performed later in the day.[194]
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CGM may increase self efficacy during sport by providing glucose readings in

real-time without the need to discontinue exercise, and empower patients to make

more informed decisions regarding insulin and carbohydrates prior to and during

physical activity. Real-time CGM in patients with type 2 diabetes has been shown

to have a positive effect on modification of dietary and exercise habits, evidenced by

improvement in body mass index and HbA1c levels.[266]

CGM may be favoured over fingerprick testing for certain activities, such as dur-

ing sporting competitions when such checks are not practical. The utility and accu-

racy of CGMS Gold (Medtronic, Northridge, CA, USA) in detecting hypoglycaemia

during scuba diving, when symptoms of hypoglycaemia may not be easily recog-

nised, has been demonstrated.[267]

6.1.2 CGM performance during exercise

Optimal performance of currently available CGM devices is limited by calibration

errors and a physiological time lag of glucose transport between blood and intersti-

tial fluid compartments, as well as a device-dependent delay associated with sensor

signal processing and filtering out measurement noise. Accuracy, as measured by

the median relative absolute difference (RAD) between paired sensor and reference

glucose values, ranges from 11% to 14% under resting conditions.[17; 21] Perfor-

mance may be lower at the extremes of the glucose range or when levels are changing

rapidly, both situations of which are commonly associated with exercise.

There are a limited number of studies to date evaluating CGM during physical

activity. Accuracy of the Guardian REAL-Time CGM (Medtronic, Northridge, CA,

USA) was lower during moderate intensity exercise, with mean RAD ranging from

22 − 28% and consistent sensor under-reading during hyperglycaemia.[207; 268] The

previous generation CGMS Gold (Medtronic, Northridge, CA, USA) was evaluated

in 58 adolescents during three separate sports camps, showing a mean RAD of 23%

overall, with 43% in the hypoglycaemic (< 3.9 mmol/l) and 18% in the hypergly-

caemic range (> 10 mmol/l).[269] Evaluation of the FreeStyle Navigator CGM (Ab-

bott Diabetes Care, Alameda, CA, USA) in 30 children with type 1 diabetes demon-

strated a median RAD of 17% during 60 minutes of treadmill exercise improving to

11% with incorporation of a 10-minute sensor lag, compared with a median RAD of

12% over the 24-hour study period.[270]

Current CGM devices employ a glucose oxidase-based sensor which is sensitive

to changes in pH. Theoretically, a fall in pH during intense anaerobic exercise due
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to the generation of lactic acid may affect sensor accuracy. This was examined in a

study in healthy males, showing no variation in CGMS Gold (Medtronic, Northridge,

CA, USA) readings with physiological changes in pH provoked by a short period of

intense activity.[271]

Errors in calibrating CGM may be related to inherent imprecision in the blood glu-

cose meter used and/or the timing of calibrations.[21] Accuracy may be improved by

avoiding device calibration when glucose levels are changing rapidly such as occurs

during exercise, due to the disequilibrium between interstitial and blood glucose

concentrations. Accuracy of CGMS Gold (Medtronic, Northridge, CA, USA) was

assessed in 50 adolescents with type 1 diabetes, reporting a median RAD of 13%

when rate of change of glucose was < 0.03 mmol/l/min, and 19% when ≥ 0.08

mmol/l/min.[44] Additional calibrations resulted in only a modest improvement in

overall sensor accuracy and a 4% increase in detection of episodes of exercise-induced

hypoglycaemia. In contrast, overnight accuracy was better when daytime calibrations

were removed.

The physiological delay in glucose transport is further exaggerated at extreme

and/or rapidly changing glucose levels. A lag time of up to 20 minutes in the detec-

tion of falling glucose levels was observed with the Guardian REAL-Time (Medtro-

nic, Northridge, CA, USA) during moderate intensity exercise.[272] This compares

with a lag time of 8 − 12 minutes for the next generation Enlite sensor (Medtronic,

Northridge, CA, USA) at rest.[18] Such transport delays, in addition to glucose mea-

surements being limited to every one to five minutes depending on the CGM device

used, may result in underestimation of a decline in blood glucose with exercise.

Device size, including the need to carry an external transmitter, may be a draw-

back for some patients, particularly during contact or water sports. Addition-

ally, problems with adhesiveness may be exacerbated during exercise as a result of

perspiration.[41] The non-invasive GlucoWatch Biographer (Cygnus, Redwood City,

CA, USA), which is no longer available for clinical use, was the first CGM device to

be tested during exercise, demonstrating a progressive decline in accuracy with more

intense activity and a high skip rate predominantly due to perspiration.[273] In a

field study of adolescents during three sports camps, one third of CGMS Gold (Med-

tronic, Northridge, CA, USA) sensors required replacing within 48 hours, as a result

of disconnection due to tape problems from sweating or loss of signal.[269] Accuracy

was lower for high-contact activities, as observed by a mean RAD of 19%, 24% and

27% for the golf, soccer, and floorball with cross-country skiing camps, respectively.

The GlucoDay (Menarini Diagnostics, Florence, Italy) was worn during exercise of
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varying intensity on a cycle ergometer, showing 99.3% of values in zones A and B

of the Clarke error grid analysis.[274] However, 39% of the inserted microfibre sen-

sor probes broke during exercise due to the mechanical stress exerted by exercising

muscles, limiting use of the device during physical activity.

6.1.3 CGM in pregnancy

Although there have been several studies reporting on the accuracy of CGM out-

side of pregnancy, there is minimal evidence regarding its performance in the preg-

nant state where shifts in interstitial fluid may have an influence.[255] CGMS Gold

(Medtronic, Northridge, CA, USA) was evaluated in 15 pregnant women with type

1 diabetes, using capillary fingerprick testing as reference glucose. The mean abso-

lute difference between paired sensor and reference glucose values was 0.74 mmol/l,

with 93.8% of values in zones A and B of the Clarke error grid analysis.[275] In a

more recent study, performance of the FreeStyle Navigator (Abbott Diabetes Care,

Alameda, CA, USA) was evaluated during overnight closed-loop insulin delivery in

ten women with type 1 diabetes.[108] Using plasma glucose as reference, the median

RAD was 11.4%, with 94.6% of glucose readings in the safe zones of the Clarke error

grid analysis.

6.2 Rationale

The majority of studies evaluating efficacy of CGM have been performed under

sedentary conditions. Only a few studies have been carried out during exercise,

all of which employed the older generation sensors which are no longer available or

have been superseded by newer generation devices. There are no studies objectively

assessing accuracy during physical activity using currently available CGM devices,

in particular none during pregnancy.

6.3 Aim

The aim of this study was to evaluate performance of a current generation CGM

during moderate intensity exercise, in pregnant women with type 1 diabetes.
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6.4 Methods

6.4.1 Study design

As part of a study evaluating closed-loop insulin delivery in pregnant women with

CSII-treated type 1 diabetes during normal daily activities, performance and accu-

racy of CGM during moderate intensity exercise was measured. The full protocol

is described in Chapter 4. The study protocol was approved by the local Research

Ethics Committee and all participants gave written informed consent.

Twelve women attended a clinical research facility for two 24-hour visits (closed-

loop and conventional CSII), from midday until 12:30 the following day. Subjects

undertook two 55-minute sessions of moderate intensity exercise: in the afternoon

(15:00-16:00) on day one and morning (09:30-10:30) on day two. Each session involved

two 25-minute periods of brisk walking at speeds ranging from 2.6 − 4.8 km/h on a

treadmill, with a 5-minute rest interval.

6.4.2 Measurements

6.4.2.1 Continuous glucose monitoring

The FreeStyle Navigator CGM (Abbott Diabetes Care, Alameda, CA, USA) with a

one hour run-in calibration period was used to measure sensor glucose (Figure 1.1).

The sensor was inserted one to two days prior to each study visit, and worn for the

duration. The sensor was placed in either the abdomen or upper arm according to

preference, and calibrated with capillary glucose measurements as per manufactur-

ers’ instructions.

6.4.2.2 Reference glucose

Blood sampling for reference glucose was carried out at 15 − 30 minute intervals

throughout study visits, via a peripheral intravenous cannula inserted on arrival.

Plasma glucose was measured in real-time on a YSI 2300 STAT Plus analyser (YSI

Ltd, Fleet, UK). During each exercise session, blood samples were taken prior to, at

halfway, and at the end of exercise, and at 30-minute intervals during the two-hour

recovery period.
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6.4.3 Statistical analysis

Analyses were conducted using IBM SPSS Version 17 (SPSS Inc, Chicago, IL, USA),

GStat software Version 1.1.2 (University of Cambridge, Cambridge, UK) and Stata

Version 11 (StataCorp LP, Texas, USA). Level of statistical significance was set at

p < 0.05. Plasma glucose was used as reference glucose. Each sensor value was

paired with the nearest plasma glucose within ±1 minute. Difference (bias) and

relative absolute difference (RAD) were calculated for each pair, measured hourly.

Hourly paired sensor-reference glucose values were analysed to reduce the effect of

auto-correlated errors. The median relative absolute rate of change of plasma glucose

was calculated as the absolute difference between consecutive plasma glucose values

divided by the average plasma glucose over that hour. Plasma and sensor glucose

levels at the start and end of each exercise session are expressed as mean and standard

deviation.

Each pair was evaluated to determine whether the CGM value met the Interna-

tional Organisation for Standardisation (ISO) requirements for blood glucose moni-

toring systems (percentage of CGM values within ±0.8 mmol/l when reference blood

glucose ≤ 4.2 mmol/l, or within ±20% when reference > 4.2 mmol/l).[11] Median

bias, RAD and ISO criteria were evaluated for the overall period, as well as for hy-

poglycaemic (≤ 3.5 mmol/l), target (3.5 − 7.8 mmol/) and hyperglycaemic (> 7.8

mmol/l) ranges.

Comparisons were made for three periods:

• Afternoon exercise (15:00-18:00). ’Afternoon exercise’ evaluated sensor ac-

curacy during moderate intensity exercise from 15:00 to 16:00 and the post-

exercise recovery period.

• Sedentary (18:00-09:00). ’Sedentary’ evaluated sensor accuracy when subjects

were resting including the overnight period.

• Morning exercise (09:00-12:00). ‘Morning exercise’ evaluated sensor accuracy

during moderate intensity exercise from 09:30 to 10:30 and the post-exercise

recovery period.

Differences in RAD, bias, and relative absolute rate of change of plasma glu-

cose between the three conditions were analysed using two-way analyses of variance

(ANOVA), adjusting for rate of change of plasma glucose. A rank normal transforma-

tion was performed for RAD and rate of change of plasma glucose as the data were
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non-normally distributed, thus enabling ANOVA to be performed. Post hoc analy-

ses included Tukey’s and Bonferroni’s tests. ISO was analysed by logistic regression

using the enter method.

The relationship between bias and rate of change of plasma glucose was plotted

for all data and assessed using linear regression to derive a correlation coefficient.

All paired sensor and reference glucose values were plotted using the Clarke error

grid analysis, and expressed numerically as proportion of values in each of zones A

to E.[10]

Bland-Altman plots were used to illustrate the relationship between CGM error

and the true glucose values.[276] The difference between sensor and plasma glucose

(bias) was plotted against the mean of both, for all paired data. The mean of the

differences is indicated by a dashed horizontal line with ±1.96 standard deviations

representing the 95% confidence interval of the difference between the two measure-

ment methods.

6.5 Results

6.5.1 CGM wear

The FreeStyle Navigator CGM (Abbott Diabetes Care, Alameda, CA, USA) was worn

for 24 study visits carried out in the clinical research facility. Sensors were in situ

for at least 24 hours prior to each study visit. Nine women wore the sensor on the

upper arm and three on the abdomen, for both study visits. Compliance with CGM

wear was 100% for the duration of each study visit, and none of the sensors required

replacing. There were no occurrences of disconnection of the sensor, even during

exercise.

6.5.2 CGM accuracy

The period analysed spanned from 15:00 on day one until 12:00 on day two (total 21

hours). There were 493 paired sensor and reference glucose values in total used for

evaluation: 351 during sedentary periods and 142 during exercise. The results are

summarised in Table 6.1.

The overall median RAD between sensor and reference (plasma) glucose was

11.8% under sedentary conditions compared with 19.7% and 16.7% during after-

noon and morning exercise, respectively; p < 0.001, ANOVA (Figure 6.1). Post hoc

analyses revealed a significant difference between exercise and resting conditions
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Table 6.1: Summary of sensor accuracy measures during sedentary and exercise periods

Sedentary Afternoon Morning P-value
period exercise exercise (ANOVA)

Number of data pairs
Overall 351 72 70
Target 269 48 29
Hypoglycaemia 23 18 26
Hyperglycaemia 59 6 15

Median bias (mmol/l)
Overall 0.16 0.63 0.77 < 0.001*
Target 0.11 0.66 0.90
Hypoglycaemia 0.54 0.77 0.78
Hyperglycaemia −0.22 −0.78 −0.46

ISO criteria (%)
Overall 76.1 59.0 62.6 0.003*
Target 77.1 58.3 60.2
Hypoglycaemia 70.8 54.8 53.8
Hyperglycaemia 76.2 84.6 90.0

Clarke error grid analysis (%)
Clinically acceptable 96 87 86
Potentially unsafe 4 13 14

Relative absolute difference (%) Median IQR Median IQR Median IQR
Overall 11.8 (5.7, 19.5) 19.7 (11.5, 34.6) 16.7 (9.2, 34.6) < 0.001*
Target 10.7 (5.4, 18.4) 19.9 (11.5, 33.3) 17.6 (9.4, 34.5)
Hypoglycaemia 16.7 (9.8, 33.4) 28.1 (15.9, 41.6) 39.4 (18.5, 55.4)
Hyperglycaemia 12.6 (3.3, 18.2) 13.4 (7.3, 19.4) 8.2 (4.7, 14.9)

Median IQR Median IQR Median IQR
Plasma glucose relative 11.9 (5.5, 22.7) 20.3 (9.9, 38.9) 22.4 (11.3, 39.0) < 0.001*
absolute rate of change (%/hour)
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Figure 6.1: Median relative absolute difference between sensor and plasma glucose
pairs for sedentary and exercise periods, by glucose range
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(p < 0.001), with no difference for afternoon versus morning exercise (p = 0.900).

Combining the two exercise periods, overall median RAD was 18.7% compared with

11.8% under sedentary conditions (p < 0.037, ANOVA).

Analysis by glucose range demonstrated largest RAD in hypoglycaemia, during

sedentary (16.7%) and both exercise conditions, particularly during morning exercise

(39.4%) (Table 6.1). Sensor accuracy was superior during sedentary period for all

glucose ranges compared with afternoon and morning exercise, as shown by the

lower median RAD in Figure 6.1.

Under resting conditions, 76.1% of CGM values met ISO criteria, compared with

59.0% during afternoon and 62.6% during morning exercise; p = 0.003 (Table 6.1).

CGM over-estimated plasma glucose, as measured by median bias, by 0.16 mmol/l

during resting conditions, compared with 0.63 mmol/l and 0.77 mmol/l during af-

ternoon and morning exercise overall, respectively (p < 0.001, ANOVA) (Table 6.1).

Post hoc analyses revealed a significant difference between exercise versus resting

conditions (p < 0.001), with no difference between afternoon and morning exercise

(p = 0.390). During sedentary conditions, the greatest bias was seen in the hypogly-

caemic range (+0.54 mmol/l).

The Bland-Altman plots illustrate the observed bias over the range of glucose
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concentrations (Figure 6.2). Under sedentary conditions, the majority of values were

within the 95% confidence interval. Values outside these limits were evenly dis-

tributed across the range of glucose concentrations, with a tendency for CGM overes-

timation during hyperglycaemia and underestimation during hypoglycaemia (panel

6.2a).

During afternoon exercise there was a greater proportion of outlying values in the

negative bias range, indicating sensor underestimation (panel 6.2b). During morning

exercise there was similar over- and under-reading by the sensor across the glucose

range with only a few values outside the 95% confidence interval (panel 6.2c).

Using the Clarke error grid analysis, 96% of values were in the clinically accept-

able zones A + B during resting conditions, compared with 87% during afternoon

exercise and 86% during morning exercise (Table 6.1). Figure 6.3 displays the plotted

paired sensor and plasma glucose measurements. Zone D contained 4% of points

during rest and 13 − 14% during exercise. There were no values in zones C or E.

6.5.3 Rate of change of glucose

The relative absolute rate of change of plasma glucose was significantly lower during

sedentary (11.9%) conditions compared with afternoon (20.3%) and morning exercise

(22.4%); p < 0.001, ANOVA. Even after adjusting for the relative absolute rate of

plasma glucose change, the differences in median RAD between resting and the two

exercise periods remained significant (p < 0.001). When the sedentary period was

excluded from the analysis, there was no difference between the two exercise periods

after adjusting for the relative absolute rate of plasma glucose change (p = 0.568).

The plasma and sensor glucose profiles during afternoon and morning exercise

sessions are shown in Figure 6.4. Plasma glucose declined by 1.2 ± 1.8 mmol/l, com-

pared with 0.9 ± 1.6 mmol/l for sensor glucose (p = 0.255), from start to end of

afternoon exercise. There was a significant difference between mean plasma and

CGM glucose at the end of afternoon exercise (4.8 ± 1.6 mmol/l versus 5.5 ± 1.7

mmol/l; p = 0.036). Similarly, at the end of morning exercise, plasma glucose was

5.9 ± 3.1 mmol/l and CGM was 7.3 ± 2.5 mmol/l (p < 0.001), with a more rapid

decline in plasma glucose (2.9 ± 2.6 versus 2.1 ± 2.5; p = 0.003). Of note, exercise

was commenced at higher plasma glucose in the morning (8.8 ± 2.6 mmol/l) com-

pared with 6.0± 1.8 mmol/l prior to afternoon exercise. These results indicate sensor

over-reading as plasma glucose levels were falling with exercise. Mean fingerprick

capillary glucose readings performed before, during and after exercise were gener-
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Figure 6.2: Bland Altman plots during sedentary and exercise periods
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Figure 6.3: Clarke error grid analysis during sedentary and exercise periods
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ally higher than concurrent plasma glucose values (Figure 6.4). These discrepancies

were not significant for end of afternoon (capillary glucose 5.6 ± 1.0 mmol/l versus

plasma glucose 4.8 ± 1.6 mmol/l; p = 0.219) or morning exercise (capillary glucose

6.7 ± 2.7 mmol/l versus plasma glucose 5.9 ± 3.1 mmol/l; p = 0.084).

Figure 6.5 illustrates the negative relationship between sensor bias and rate of

change of plasma glucose, indicating negative bias (sensor under-reading) with in-

creasing plasma glucose, and positive bias (sensor over-reading with declining glu-

cose. The correlation coefficient (R) was significant for both sedentary conditions

(R = 0.548; p < 0.001), and afternoon (R = 0.775; p < 0.001) and morning (R = 0.590;

p < 0.001) exercise. The strongest correlation was demonstrated during afternoon ex-

ercise.

6.6 Discussion

This is the first evaluation of accuracy of CGM during physical activity in pregnancy.

Only one other study assessed sensor performance in pregnancy using plasma glu-

cose as reference, as part of a feasibility study of closed-loop insulin delivery.[108] In

that study, median RAD was 11.4% under sedentary conditions, which is comparable

with the median RAD of 11.8% observed in my study during the sedentary period.

Another study of CGM during pregnancy used capillary glucose as the reference

and did not involve exercise.[275] The median RAD observed at rest in my study

is comparable to values measured in non pregnant populations (11 − 14%),[17; 21]

suggesting that CGM performance is not compromised by pregnancy itself.

The higher median RAD during exercise suggests inferior performance of CGM

during physical activity. Similar results have been reported in children (median RAD

17%) [269; 270] and non-pregnant adults (mean RAD 23 − 28%).[207; 268] In my

study, 13% of values during exercise were in the potentially unsafe zones of the

Clarke error grid analysis, compared with only 4% at rest. All of these values were in

zone D, indicating that most of the inaccuracy could be attributed to lack of sensor re-

sponsiveness to rapid changes in glucose concentration. There were no values in zone

C or E, associated with overcorrection or erroneous CGM behaviour, respectively.

The minimum acceptable ISO system accuracy requirements for SMBG require

that at least 95% of individual glucose results meet the stipulated criteria for blood

glucose monitoring systems (ISO 15197:2003).[11] In Europe, self monitoring blood

glucose devices must comply with this standard prior to obtaining the Conformité Eu-

ropéenne label by the regulatory authority. In a study comparing 27 capillary glucose
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Figure 6.4: Plasma and sensor glucose profiles during afternoon and morning exer-
cise and recovery periods
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Figure 6.5: Relationship between sensor bias and rate of change of plasma glucose
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monitoring devices, 95% of glucose values for each device met the ISO standard.[8]

Similarly, between 90% and 99% of values of five commercially used home blood

glucose monitoring devices were within acceptable range.[277] The ISO criteria may

also by applied to CGM devices. In my study, only 76% of FreeStyle Navigator CGM

values met the ISO standard during sedentary conditions, with an even lower pro-

portion under exercise conditions.

At the end of the exercise sessions, plasma glucose levels were lower than CGM

(4.8 mmol/l versus 5.5 mmol/l for afternoon, and 5.9 mmol/l versus 7.3 mmol/l for

morning exercise), suggesting a delay in the response of CGM to declining glucose

levels, most likely due to the delay in transport of glucose from blood to the intersti-

tial compartment. This observation is clinically significant as inaccurate estimation

of glucose control based on CGM values whilst exercising may lead to failure to

recognise and treat true hypoglycaemia. CGM under-reading in the hyperglycaemic

range has been observed previously.[207] Incorporation of a lag time between inter-

stitial and plasma glucose, which may be increased during exercise, may improve

accuracy.[270]

Fingerprick glucose readings taken during exercise tended to be higher than cor-

responding plasma glucose (Figure 6.4). This is another important clinical obser-

vation as the majority of patients currently rely on conventional capillary glucose

monitoring during exercise.

Inferior performance of CGM during physical activity may be correlated with the

rapid fluxes in glucose levels associated with exercise. In my study, however, sensor

accuracy appeared to be higher in the morning (RAD 16.7%) when plasma glucose

was changing more rapidly (22.4% rate of change), compared with afternoon exercise

(RAD 19.7%) when rate of change of glucose was 20.3%.

There was a significant negative correlation between bias and rate of change of

plasma glucose during both sedentary and exercise conditions, with the greatest cor-

relation during afternoon exercise. When rate of change of plasma glucose was in-

cluded as a covariate in the ANOVA model, there was still a significant difference

in accuracy as measured by median RAD between resting and exercise periods, sug-

gesting that rate of change alone does not account for the observed differences in

accuracy.

The majority of studies evaluating accuracy of CGM have been carried out un-

der sedentary conditions, hence there is a lack of data on the influence of factors

related to exercise such as changes in subcutaneous tissue circulation and increased

temperature. Rapid shifts in ambient temperature have been shown to result in at
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least 5% over or underestimation of glucose results by conventional self-monitoring

blood glucose devices.[278] When moving between environments differing in ambi-

ent temperature, it is suggested that patients wait at least 15 minutes before testing

to allow for temperature equilibration of both the meter and glucose strips. Per-

formance of microdialysis-based CGM devices is influenced by temperature with a

4% variation in current signal observed for each change in degree centigrade.[279]

This is thought to be associated with the catalytic activity of glucose oxidase, per-

meability of the microdialysis probe to glucose and water solubility of oxygen. Ap-

plication of a temperature-compensating algorithm resulted in improved accuracy of

the next generation microdialysis-based sensor, GlucoMenDay (Menarini, Florence,

Italy).[15] Changes in temperature may also hinder the performance of newer non-

invasive continuous glucose sensors such as those employing infrared or impedance

spectroscopy.[22] However, there is no data suggesting an effect of temperature on

the more commonly used needle-based CGM devices, as employed in my study.

Decline in pH, as occurs with the development of lactic acidosis during more

intense exercise, has not been shown to affect sensor performance.[271] Errors due to

variations in oxygen concentration of blood are less likely in the current generation

glucose oxidase-based CGM devices. Calibration of the device also has an important

effect on accuracy, which may be improved by avoiding calibration at times of rapidly

changing glucose or glucose extremes.[21]

Another potential source of inaccuracy is sensor dislodgement due to sweating,

or direct mechanical forces on sensors sited in exercising limbs.[269; 273; 274] In my

study there were no problems with loss of signal or missed readings during exercise.

Sensors remained intact for the duration of the study visit in all participants, although

the intensity of exercise performed may not have been high enough to precipitate

displacement.

The major strength of this analysis was the use of plasma glucose as reference,

allowing objective evaluation of sensor glucose performance. Reference plasma glu-

cose was measured using a YSI 2300 STAT Plus analyser, which is regarded as a gold

standard for analysing blood glucose. The CGM was calibrated with capillary glu-

cose according to manufacturers’ instructions, which provides a better representation

of performance of CGM in the real life setting, unlike previous studies where blood

glucose measurements were used to calibrate the CGM device.[269]

Another important strength was the evaluation of a current generation CGM de-

vice commercially available in Europe, which enables direct applicability of the re-

sults in clinical practice. However, as physical activity has a complex and variable

148



6.7. CONCLUSION

effect on glucose control, these observations of CGM performance may not be ap-

plicable to other intensities, timing or duration of physical activity. Studies evaluat-

ing currently available CGM devices under various exercise conditions and in larger

numbers of subjects are required.

6.7 Conclusion

This is the first objective evaluation of CGM in pregnant women with type 1 diabetes

during normal daily activities, demonstrating feasibility of CGM during moderate

intensity exercise whilst maintaining reasonable performance. Sensor accuracy was

lower when glucose levels were in the hypoglycaemic range during both sedentary

and exercise conditions. Although accuracy was reduced during exercise, this dif-

ference was only partly explained by the higher rate of change of glucose associated

with physical activity. Over 13% of sensor glucose measurements during exercise

were considered clinically unsafe. There was a tendency for CGM to lag behind

and hence overestimate plasma glucose as levels declined with exercise. These ob-

servations can be directly applied to CGM use in clinical practice, and additionally

will need to be considered in the future development of closed-loop insulin delivery

systems for use during normal daily activities including exercise.
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Chapter 7

Conclusions

7.1 Summary of results

Closed-loop insulin delivery was evaluated in three randomised crossover studies in

24 adults and 12 pregnant women with type 1 diabetes, in a controlled setting. The

results are summarised in Figure 7.1.

Feasibility of overnight closed-loop insulin delivery

The feasibility study confirmed the safety and efficacy of overnight closed-loop in-

sulin delivery in adults with type 1 diabetes, following a standard evening meal.

Compared with conventional insulin pump therapy (CSII), closed-loop increased the

time spent in target glucose (3.9 − 8.0 mmol/l) by 24% and reduced glycaemic vari-

ability. Importantly, there was a halving of the low blood glucose index measuring

duration and extent of hypoglycaemia, and a trend towards less time spent below

3.9 mmol/l during closed-loop. The benefits were proportional to time spent using

closed-loop, as indicated by a greater time in target after midnight. The favourable

effect on glucose control persisted during the morning even after closed-loop was

discontinued and usual CSII was resumed at 08:00, with increased time in target and

reduced time in hyperglycaemia.

Closed-loop insulin delivery after evening meal and alcohol

Twelve further adults with type 1 diabetes were evaluated during overnight closed-

loop insulin delivery following a larger evening meal and moderate amount of al-

cohol, associated with postprandial hyperglycaemia and delayed hypoglycaemia, re-
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Figure 7.1: Summary of results of closed-loop studies
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Notes: Data are displayed in box plots as median and interquartile range, for overall study periods.
Target range for the ‘Feasibility’ study and the ‘Alcohol & meal’ study was 3.9 − 8.0 mmol/l. Target
range for the ‘Pregnancy’ study was 3.5 − 7.8 mmol/l.[120]

spectively. Even after such challenges, closed-loop increased time in target glucose,

reduced time spent hyperglycaemic and lowered glucose variability. There was a

trend towards less time spent hypoglycaemic during closed-loop, and no episodes of

hypoglycaemia after midnight.

Daytime closed-loop insulin delivery during pregnancy

Closed-loop insulin delivery was evaluated in twelve pregnant women with type 1

diabetes during normal daily activities including moderate intensity exercise. Com-

pared with conventional CSII, there was no difference in overall time spent in tar-
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get range for pregnancy between 3.5 and 7.8 mmol/l, with even tighter control ac-

chieved overnight. The favourable glucose results achieved during CSII visits may

be attributed to the well-controlled cohort of women studied (baseline HbA1c 6.4%).

Closed-loop lowered the time spent below 2.5 mmol/l and the low blood glucose

index. Hypoglycaemia occurred during both closed-loop and CSII visits, predomi-

nantly following moderate intensity exercise, although closed-loop prevented noctur-

nal episodes.

Energy expenditure and glucose control in pregnancy

This evaluation provided the first objective evidence on activity patterns and energy

expenditure in combination with sensor glucose in ten pregnant (mean gestation 19

weeks) women with type 1 diabetes during free-living. Glucose levels were above

recommended targets for pregnancy with almost a third of the day spent hypergly-

caemic. In comparison, during the 24 hour study in hospital, involving a controlled

diet and structured low and moderate intensity exercise, glucose control was signifi-

cantly improved. Moderate intensity exercise was achieved without any discomfort,

but did result in hypoglycaemia despite efforts to reduce basal insulin infusion and

consume additional carbohydrates.

Sensor accuracy during exercise in pregnancy

The performance of a current generation CGM was objectively assessed, using plasma

glucose as reference, in 12 pregnant women with type 1 diabetes during normal daily

activities. Accuracy, measured by the median relative absolute difference between

paired sensor and plasma glucose values, was lower during moderate intensity exer-

cise (brisk treadmill walking) in the afternoon (20%) and morning (17%) compared

with sedentary conditions (12%). Using Clarke error grid analysis, 14% of sensor

glucose measurements during exercise were considered clinically unsafe, compared

with 4% at rest. The reduced accuracy was only partly explained by the higher rate

of change of glucose associated with physical activity.

7.2 Strengths

A major strength of my studies was the robust methodology. This included a crossover

repeated measures design whereby each participant completed both a closed-loop
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and a control visit under identical conditions, allowing for objective assessment of

closed-loop without confounders such as inter-individual variability in insulin sen-

sitivity. In addition, the randomised order of visits minimised any potential influ-

ence due to adjustment in insulin regimens between visits, as a result of information

gained from the first study visit. There is only one other overnight closed-loop study

published to date, carried out in 20 adults with type 1 diabetes using a model predic-

tive control algorithm developed in silico.[105] This study was non-randomised as the

open loop visit always took place first in order to provide the algorithm with meal

information prior to closed-loop execution, hence there was a potential for human

(subject and staff) learning.

Another strength is the direct applicability of the results to clinical practice, as the

closed-loop was used under conditions as close to real life as possible. Commercially

available glucose sensors and insulin pumps, delivering a routinely used rapid acting

insulin analogue, were used for all studies. Subjects wore a single sensor during all

study visits, which is likely to increase user acceptability and is more representative

of real life. Previously reported closed-loop studies used at least two sensors, switch-

ing to a better performing sensor if accuracy became suboptimal.[83; 85; 101; 105; 111]

Use of multiple sensors was evaluated by Castle et al, demonstrating reduction in

very large sensor errors and improved accuracy (mean relative absolute difference

11.6% versus 14.8%) with using four sensors simultaneously compared with a single

sensor.[280] Redundancy was not affected by sensor placement within 7mm of each

other. However, these findings have limited applicability in the outpatient setting

where patients are unlikely to be willing to wear more than one CGM device. In

my studies, the sensor was calibrated using fingerprick capillary glucose as patients

would normally do at home, rather than venous glucose as used in other closed-loop

studies.[84; 112] Calibration was performed at times specified by the manufacturer

with no additional calibrations if suboptimal accuracy was detected.

Importantly, the model predictive control algorithm used in my studies con-

sidered only real-time sensor glucose measurements to generate the advice on in-

sulin infusion rates, rather than venous glucose as employed in previous closed-loop

studies.[112] Although more accurate than interstitial glucose, venous glucose sam-

pling is more invasive with a risk of infection and bleeding, and is not practical

for outpatient use of closed-loop. Subcutaneous CGM is a more feasible method of

measuring glucose as part of a closed-loop system in the home setting.

The advice of the model predictive control algorithm was always adhered to dur-

ing studies, suggesting that the system may be reliably used in the home setting
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without any need to override the algorithm. In a recent multicentre closed-loop

study the algorithm advice was not followed on four occasions due to concern of

near-hypoglycaemia.[105]

Initiation of the algorithm is straightforward for the user, requiring entry of three

parameters: weight, total daily insulin dose, and basal infusion rates. A high degree

of inter- and intra-individual variability in insulin requirements often limits the opti-

mal tailoring of conventional insulin regimens in patients with diabetes. The adaptive

nature of the model predictive control algorithm enabled the closed-loop system to

cope with these variations effectively by initialising insulin sensitivity (based on to-

tal daily insulin dose and usual basal requirements) and adapting this estimate in

real-time on the basis of sensor glucose measurements, resulting in safe and effective

insulin dosing.

The effect of different start times of closed-loop insulin delivery on overnight

glycaemic control was observed in the ‘Feasibility’ and ‘Alcohol and meal’ adult

studies. Glucose levels from midnight appeared to be better controlled when closed-

loop was commenced at 19:00 compared with a later start at 22:00. This was most

likely associated with the increasing efficacy of closed-loop with longer duration of

use. No difference in early (18:00) versus later (21:00) start of automated closed-loop

was observed in a recent randomised study in eight young children.[106]

A major advantage of the model predictive control algorithm used is the reduc-

tion in hypoglycaemia, by suspending insulin delivery when sensor glucose is low

or declining rapidly. The overall improvement in hypoglycaemia during closed-loop

visits is significant as one of the greatest concerns for patients and their families is

the fear of going low, especially overnight whilst asleep and in patients with reduced

hypoglycaemia awareness or those living alone. This risk may be amplified further

following situations such as drinking alcohol. In addition, treatment of hypogly-

caemia may result in rebound hyperglycaemia, and repeated episodes may lead to

avoidance behaviours such as under-insulinising or excessive snacking which could

adversely affect glycaemic control.

The threshold chosen for treatment of hypoglycaemia was 3.0 mmol/l, which is

lower than the glucose level normally used to define hypoglycaemia in clinical prac-

tice (4.0 mmol/l). This threshold was chosen to test the ability of closed-loop to pre-

vent impending hypoglycaemia, in a controlled inpatient setting. The treatment was

oral carbohydrate, consistent with management of hypoglycaemia in the outpatient

setting. Intravenous dextrose was only indicated if subjects failed to recover from

an episode after oral therapy, unlike in a previous closed-loop study where dextrose
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was given if glucose was below 3.3 mmol/l.[83] In my studies, none of the episodes

of hypoglycaemia required treatment with intravenous dextrose, in both adults and

pregnant women.

Importantly, the improvements in glycaemic control during closed-loop were ach-

ieved with no difference in the average amount of insulin infused on closed-loop and

CSII visits, further substantiated by similar measured plasma insulin concentrations.

This is a clinically significant outcome as excess exogenous insulin therapy may be as-

sociated with weight gain, and further emphasises the benefit of glucose-responsive

insulin delivery.

A single insulin pump was used for all study visits. Minor differences between

commercially available pumps, including precision of basal infusion rates and fre-

quency of bolus pulses which may affect insulin delivery, have been reported. Aspart

insulin was used for all visits, to ensure comparability of results of plasma insulin

concentration as the assay varies for different types of insulin. On arrival for each

visit, the participant’s usual pump was replaced with the study pump using the same

infusion site. An established subcutaneous insulin infusion site was ideally used on

all study visits, thus minimising the possibility of variable delivery of insulin associ-

ated with recent set change. Insertion of a catheter into subcutaneous tissue results

in an inflammatory reaction affecting local blood flow, which in turn may affect ab-

sorption of insulin.

Another strong point of my studies was the standardisation of meals and snacks

consumed. All meals were prepared on site in the hospital kitchen, and matched in

carbohydrate and macronutrient content during closed-loop and CSII interventions.

Subjects chose from a variety of meals, which were carefully selected to represent

what might normally be consumed at home. Other closed-loop studies used liquid

meal replacements such as Ensure Plus in place of normal meals.[105]

Plasma glucose was measured using the gold standard YSI 2300 STAT Plus anal-

yser (YSI Ltd, Fleet, UK). Whole blood was centrifuged immediately after sampling.

Plasma was separated from whole blood, and either frozen for retrospective analy-

sis of glucose (’Feasibility’ study) or measured in real-time (‘Alcohol and meal’ and

pregnancy studies). A delay in separation of plasma from whole blood may result in

deterioration of glucose concentrations.[281]
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7.3 Limitations

One of the limitations of my studies was the lack of automation of the closed-loop

system, which required entry of CGM readings into the computer and subsequent

manual alteration of pump settings every 15 minutes by the research nurse or clini-

cian. The possibility of operator error in carrying out this repetitive process cannot

be excluded, as well as the likelihood of delays in manually changing the pump.

This approach is not feasible in clinical practice, and requires development of an au-

tomated closed-loop system with wireless transmission of data. Such a system has

been evaluated in eight children overnight in an inpatient setting, demonstrating safe

and efficacious control of automated closed-loop insulin delivery.[106]

All of the studies had a ‘control’ visit where subjects remained on their usual

CSII regimen. Although this visit replicated the home setting most closely, subjects

anecdotally reported better/worse glycaemic control at home despite maintaining an

identical CSII regimen. The reasons for this are likely to be multi-factorial including

day to day variability in insulin sensitivity, differences in meals consumed which are

less regulated at home, and variable activity levels. One of the main limitations of

carrying out clinic-based studies is that subjects tend to be more sedentary, which is

likely to have an influence on daytime glucose control, although in a similar manner

on both closed-loop and CSII visits. This effect was observed in the 24-hour study

in pregnant women with type 1 diabetes, where a greater time was spent sedentary

compared with during free-living. Interestingly, in the feasibility study in adults,

there were seven episodes of hypoglycaemia despite subjects being less active.

Another potential limitation of the closed-loop system employed in my studies

is the requirement for manual calculation of prandial insulin boluses, which may be

viewed as extra effort for some patients who envisage using a closed-loop system

with minimal user inputs, and additionally depends on the accuracy of the method

used (bolus wizard calculator or carbohydrate to insulin ratios). Although inaccurate

estimation of mealtime insulin boluses may have affected postprandial glycaemic

control, a similar method of calculation was used on both study visits, hence ensuring

comparability between closed-loop and conventional CSII.

Because of the nature of the medical devices used, the interventions were known

to both participants and investigators. Subjects were blinded to CGM and plasma

glucose taken during the study. Investigators were blinded to plasma glucose values

in the ‘Feasibility’ study, but not in the other two studies for safety reasons.

As the order of study visits was revealed to each subject on attending for their
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first night, any self-adjustment of insulin regimens between visits may potentially

have affected glycaemic control on the second night. However, this bias was largely

overcome by randomly allocating participants to their order of completion of study

visits. It is impossible to exclude an effect of intra-individual variability in insulin

sensitivity associated with multiple factors such as physical activity, concurrent ill-

ness, and menstrual cycle in females between visits.

The subjects enrolled to the studies were all educated insulin pump users of white

ethnicity, hence were not representative of all adults with type 1 diabetes. Addition-

ally, more motivated patients tend to volunteer for research trials. Although only

small numbers were studied, these trials were designed to evaluate the feasibility of

closed-loop insulin delivery. This should be taken into account when considering

the results of multiple secondary analyses performed. Additionally, the observations

obtained may limit applicability to all patients with type 1 diabetes.

7.4 Future studies

The immediate benefits of short-term (up to 48 hours) application of closed-loop on

glycaemic control have been demonstrated in several studies carried out in a con-

trolled environment. Although the clinical research facility is the safest setting for

evaluating feasibility and performance of closed-loop, limitations exist which may

only be overcome by moving to outpatient testing over a longer period. This necessi-

tates an automated closed-loop system with wireless data transmission.

A multicentre randomised controlled study evaluating overnight closed-loop in-

sulin delivery in 24 adults with type 1 diabetes in the home setting is planned.

Patients already established on CSII and willing to use CGM and closed-loop will

complete four weeks of CGM alone whilst maintaining their usual CSII regimen

and four weeks of closed-loop insulin delivery overnight with ‘open-loop’ CSII and

CGM during the daytime, in random order. The acceptability of closed-loop will

be assessed with interviews and validated questionnaires measuring satisfaction and

user-friendliness of the devices. Subjects will also complete a survey evaluating fears

related to hypoglycaemia. This qualitative information will be invaluable in under-

standing the psychosocial aspects of using closed-loop and hence assist in developing

better device training and support systems, as well as providing criteria to facilitate

selection of those patients that are most likely to benefit from using the system.

Following on from this study, a larger study over a longer period, enabling assess-
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ment of a sustained benefit of closed-loop insulin delivery on glycaemic control as

measured by HbA1c and reduction in diabetes-related complications, is warranted.

This will also be important for women with type 1 diabetes during pregnancy, as

maintenance of glucose control throughout gestation would be expected to be asso-

ciated with improved pregnancy outcomes.

Extending outpatient evaluation of overnight closed-loop insulin delivery to the

daytime is justified. The study in pregnancy demonstrated the challenges in man-

aging glucose levels following meals and physical activity, in a controlled setting.

Testing in the home setting, where routines are much less structured, will provide

important information on feasibility of using closed-loop in clinical practice. Results

gained from physiological studies in progress, using stable isotope tracers to evaluate

glucose fluxes following meals of varying sizes or nutrient composition, will aid in

refining closed-loop algorithms.[282] Further clinical and simulation studies evaluat-

ing different intensities of exercise are required, to assist in our understanding of the

variable glycaemic responses seen.

All the studies evaluating closed-loop insulin delivery thus far have been carried

out in people with type 1 diabetes. Closed-loop is likely to have a similar beneficial

effect in patients with type 2 diabetes. One indication in this patient cohort may be

insulin therapy in hospital, where closed-loop insulin delivery is likely to provide

safer glycaemic control. Currently, variable insulin replacement schedules including

use of sliding scales in addition to infrequent blood glucose monitoring often result

in suboptimal diabetes management in hospital. This can result in worse metabolic

control, associated with poorer health outcomes and longer hospital stay.[283] A pilot

feasibility study of closed-loop insulin delivery in patients with type 2 diabetes is un-

derway. Twelve subjects, treated by oral glucose-lowering medications alone, are be-

ing studied on two separate 24-hour visits on the clinical research facility, comparing

closed-loop glucose control with usual diabetes therapy. Subjects remain sedentary

and consume regular meals and snacks, thus mimicking an inpatient stay. Following

on from this, a larger study is planned in hospitalised patients with type 2 diabetes.

Another area of research is evaluating which patients are most likely to benefit

from closed-loop glycaemic control. For safety reasons, my studies excluded patients

with hypoglycaemia unawareness or history of severe hypoglycaemia. Evaluation

of this group is warranted as the effect of closed-loop in reducing hypoglycaemia,

as demonstrated in my studies in adults, is likely to have a significant impact on

quality of life. Although closed-loop insulin delivery only had a limited impact in the

cohort of pregnant women studied, women with suboptimal glucose control during
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pregnancy are likely to realise a benefit.

7.5 Closed-loop insulin delivery in clinical practice

7.5.1 Challenges to implementation

7.5.1.1 Glucose sensors

The development of closed-loop systems has progressed rapidly over the last decade,

but has faced several hurdles, the major one being development of more accurate

and reliable glucose sensors. Most of the commercially-available CGM devices still

require confirmatory capillary glucose measurement prior to any action taken based

on sensor values. Both delays in glucose sensing between interstitial and plasma

compartments and errors in calibration contribute to inaccurate sensor readings and

associated false alarms. Factory-based calibrations of future generation devices may

limit the risk of human or meter error. Setting realistic expectations of the limita-

tions of CGM will be vital to increasing patient satisfaction and reducing the risk of

premature discontinuation.

7.5.1.2 Insulin delivery

The subcutaneous-subcutaneous route is minimally invasive and hence has the most

potential for closed-loop application in the outpatient setting. It is the approach em-

ployed in the majority of closed-loop systems currently under development, however

is also associated with delays related to both glucose sensing and insulin kinetics.[93]

One of the major limitations of subcutaneous insulin delivery is the delay in time to

peak blood glucose lowering effect which may be 90− 120 minutes with the currently

available rapid acting insulin analogues. In addition, the high degree of inter- and

intra-individual variability in insulin absorption must also be considered.[67] Opti-

mising the timing and mode of bolus delivery, together with ongoing development of

faster more stable insulins that mimic more closely the actions of endogenous insulin

may help overcome some of these hurdles. Alternative routes of insulin delivery,

such as the intraperitoneal and transdermal routes, may provide another solution.
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7.5.1.3 Control algorithm

Ongoing efforts are required in refining control algorithms to be able to integrate

the delays associated with glucose sensing and insulin delivery, particularly in the

postprandial period. In addition, both inter- and intra-subject variability in glucose

responses to factors such as meals, illness, stress, travel and physical activity will

need to be incorporated into metabolic models in order to accurately predict glucose

excursions.

Use of closed-loop during the day will require the ability to cope with such chal-

lenges as activities of daily living, meals and exercise, which result in transient de-

rangements in glucose-insulin metabolism. Hyperglycaemia following carbohydrate

ingestion is a major challenge to closed-loop. Delays in glucose sensing and subcuta-

neous insulin delivery limit the ability of closed-loop to slow the rapid rise in glucose

postprandially. Moreover, a delay in insulin action as glucose levels are declining may

result in late hypoglycaemia.

Exercise has longer lasting and more dynamic effects on glucose-insulin dynam-

ics. The magnitude of effect depends on several factors, including duration and

intensity of activity. Even low intensity daily tasks such as housework and shopping

may lower glucose levels. Adjustment in insulin delivery according to exercise of dif-

ferent intensities will be required. Replicating the physiological hyperinsulinaemia

following intense exercise will be a challenge for closed-loop control due to the risk

of iatrogenic hypoglycaemia. Announcement of exercise is likely to be an essential

component to enable timely decrease in insulin delivery. Inclusion of glucagon in a

closed-loop system may limit exercise-related hypoglycaemia.

7.5.1.4 Device-patient interface

Currently, insulin delivery and continuous glucose sensing are contained in separate

devices and require two separate insertions. Approaches to combine insulin delivery

and continuous glucose sensing into a single device are being developed.[284] The

feasibility of administering insulin and measuring glucose at the same adipose tissue

site was evaluated in healthy subjects, demonstrating stability of glucose levels at the

site of insulin administration.[285] Such ‘single-port’ systems will halve the number

of skin perforations required as well as the number of devices that need to be carried,

which is likely to increase device acceptability and hence compliance with wear.[42]

This is significant as compliance is associated with greater efficacy of CGM. A recent

meta-analysis demonstrated a 0.15% reduction in HbA1c for each extra day of sensor
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wear.[286]

Development of an integrated user friendly system employing wireless data trans-

mission will be important for outpatient use of closed-loop. Daytime application in

particular will require the devices to be portable and discreet. Safety and efficacy of

a prototype fully-automated closed-loop system using wireless transmission of data

has been demonstrated overnight in eight young children in an inpatient setting.[106]

7.5.2 Patient selection

Appropriate patient selection for use of closed-loop will be essential. This may be

guided by known predictors of success with currently used devices. Higher HbA1c,

younger age and shorter diabetes duration were associated with greater benefit on

CSII.[55] The UK National Institute for Health and Clinical Excellence judge CSII

to be cost-effective in patients with persistently elevated HbA1c levels of 8.5% or

higher. A meta-analysis of CGM showed the greatest benefit was seen in patients with

higher HbA1c; 0.9% reduction when baseline HbA1c was 10%.[286] High frequency

of SMBG testing and older age have also been linked with success on CGM.[25]

Closed-loop is likely to be most beneficial in patients who struggle to achieve

glucose targets, and/or where further intensification of insulin regimens is limited

by recurrent episodes of hypoglycaemia. Closed-loop may be a safer option for cer-

tain vulnerable patient groups including those with hypoglycaemia unawareness and

those living alone. It is also likely to be indicated for patients who are less able to

self-manage their diabetes, such as young children or those with learning disabilities,

and where compliance is a barrier such as during adolescence.

Closed-loop may be indicated in women with type 1 diabetes during pregnancy

where hypoglycaemia often limits safe achievement of tight glycaemic control. Selec-

tion of women most likely to benefit could be based on presence of known risk fac-

tors, including history of severe hypoglycaemia, hypoglycaemia unawareness, longer

diabetes duration and lower HbA1c in early pregnancy.[176]

Future use of a closed-loop system will depend on patients’ willingness to learn

and their ability to use the technology. Patient acceptance is likely to be high, based

on qualitative assessments carried out in adult patients [287] and caregivers of chil-

dren with type 1 diabetes.[288] However, for some patients the benefits will be out-

weighed by the burdens and complexities of learning to use a new technology. Sim-

ilar to the concerns expressed by patients on CGM, these may include dealing with

alarms, body image issues related to permanently wearing a device, and pain with
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insertion, which may limit acceptability of using closed-loop.[42]

7.5.3 Stepwise introduction

The future deployment of closed loop systems is likely to be a staged process, with

the aims of improving glycaemic control and reducing hypoglycaemia whilst en-

suring preservation of safety at each stage. This is most likely to commence with

a closed-loop system that shuts off at low glucose levels. This feature is already

available in the Paradigm Veo (Medtronic, Northridge, CA, USA), approved for com-

mercial use in Europe since 2009 but awaiting authorisation in the USA. The pump

can be linked with a glucose sensor, suspending insulin delivery for up to two hours

during hypoglycaemia, but still demands manual calculation and entry of basal rates

and boluses. In 2010, JDRF announced a partnership with Animas Corporation to de-

velop a partially automated ‘hypoglycaemia-hyperglycaemia minimiser’ closed-loop

system within the next four years, which will slow or stop insulin delivery when

sensor glucose levels are declining and similarly increase insulin when rising until

glucose returns to acceptable range.

The next feasible step may be using the closed-loop system overnight when meals

and exercise do not confound glycaemic control, with the added significant benefit

of preventing nocturnal hypoglycaemia. Daytime closed-loop glucose control will be

more challenging. A hybrid or semi-closed loop system with meal announcement

may be the most feasible approach, until delays in glucose sensing and subcutaneous

insulin delivery can be overcome.

Closed-loop insulin delivery during exercise is potentially a safer and more flex-

ible treatment option enabling patients to exercise with more confidence, however

refinements and further testing, including simulation studies, will be required prior

to safe application. Incorporation of motion sensors and heart rate monitoring into

closed-loop systems is being considered.[236] The latter will require differentiation

between transient (e.g. stress-induced), and substantial increases in heart rate. The

Cellnovo (London, UK) insulin patch pump, due to be launched in Europe in late

2012, has an in-built accelerometer. Future systems may incorporate glucagon and/or

other hormones.

The ultimate goal is an integrated system facilitating fully automated closed-loop

control over 24 hours. These technological advances are important but should not

delay gradual introduction of closed-loop into clinical practice.
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7.5.4 Practical issues

Prior to employment of closed-loop systems in clinical practice, strict safety checks

by regulatory bodies are essential, as technical faults or failure can lead to serious

complications including severe hypoglycaemia due to excess insulin. Ongoing safety

monitoring to manage technical issues will be necessary. Ensuring security and in-

tegrity of such technology-dependent systems will also be critical to guaranteeing

safe use of closed-loop.

Telemedicine will increasingly play an integral role in closed-loop systems, al-

lowing logging of data and enabling retrospective analysis and fine tuning of the

system.[289] Distant monitoring of blood glucose will provide an added safety layer,

above that embedded into the control algorithm. Global positioning system tech-

nology may be incorporated in a portable closed-loop system, enabling monitoring

from any location. Such an application, termed E911, has been proposed as a tool

for tracking and alerting medical personnel to impending hypoglycaemic events in

patients at higher risk such as those with hypoglycaemia unawareness.[290]

In order to ensure the availability of closed-loop in clinical practice, both the

initial expenses and the cost of ongoing consumables and maintenance must be taken

into consideration. Closed-loop should ideally be available to all eligible patients

regardless of economic circumstances and geographic location. More realistically, in

many countries it is likely that product use will ultimately rely upon national health

care policies based on cost-benefit analyses, and reimbursement schemes by health

insurance companies.

Success of the artificial pancreas will also depend on the establishment of appro-

priate infrastructures that will sustain the ongoing deployment of the system. These

include training courses for healthcare professionals and patients, a support network

to manage the technological aspects, and collaboration with the industries producing

the device and regulatory authorities to ensure availability and affordability.

7.6 Contribution to knowledge and concluding remarks

Diabetes is a condition where the body’s innate ability to regulate blood glucose fails,

instead relying on the individual’s conscious efforts to maintain glycaemic control.

Day-to-day variability in insulin requirements, which may be influenced by multiple

factors, make such ‘open-loop’ control challenging. Even with the sophisticated in-

sulin pumps and continuous glucose monitoring devices available currently, the ma-
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jority of patients struggle to achieve optimal glycaemic control. Extensive efforts by

clinicians and patients are still required. The ‘closed-loop’ or artificial pancreas sys-

tem offers a more convenient and effective mode of insulin delivery, thus minimising

the need for constant monitoring and adjustment. This may have a significant impact

on patients’ perceptions of their diabetes, including a reduced burden of self-care and

increased self-confidence in achieving glucose targets without fear of hypoglycaemia.

These are the first randomised controlled studies evaluating closed-loop insulin

delivery in adults and pregnant women with type 1 diabetes, using commercially

available devices and a model predictive control algorithm. The results are sum-

marised in Figure 7.1. In adults, overnight closed-loop resulted in safe and effective

glycaemic control. These results were sustained even with evening consumption of

a large meal and alcohol. In a cohort of well-controlled women during pregnancy,

closed-loop insulin delivery during normal daily activities was as effective as conven-

tional pump therapy. Safety of glucose control during closed-loop was maintained

even after exercise of moderate intensity, with fewer episodes of hypoglycaemia over-

all and prevention of nocturnal episodes. The analysis of activity patterns and gly-

caemic control during free-living contributes to the understanding of the relationship

between diet, exercise and glucose levels, which may be useful in future closed-loop

systems incorporating accelerometry. This information may also be helpful to clini-

cians in optimising conventional treatment regimens, including formulation of exer-

cise guidelines. The observations of lower accuracy of CGM during exercise will be

important for patients to consider when exercising, and additionally in the develop-

ment of closed-loop systems for daytime use.

In conclusion, my studies provide evidence of the safety and efficacy of closed-

loop insulin delivery in adults with type 1 diabetes, including women during preg-

nancy, in a controlled setting. These results facilitate the transition to outpatient

studies to assess performance over consecutive nights under real life conditions. Fur-

ther system refinements will be necessary prior to optimal daytime application of

closed-loop. As the hurdles and practicalities are gradually overcome, the ultimate

goal of introduction of closed-loop in clinical practice will be realised.
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Appendix A

Individual glucose & insulin

profiles

This Appendix presents sensor glucose, plasma glucose and basal insulin profiles for

all subjects on both their closed-loop and CSII study visits. Profiles for the ‘Feasibil-

ity’ study presented in Chapter 2 are shown in A.1. In relation to that study, subject 9

withdrew participation after their first visit and was replaced by subject 13. Profiles

for the ‘Alcohol and meal’ study presented in Chapter 3 are shown in A.2, and for the

‘Pregnancy’ study presented in Chapter 4 in A.3. Each figure displays the CSII visit

(left panel) and the closed-loop visit (right panel) for each subject. Meals and snacks

consumed during the study with concurrent prandial insulin boluses administered

are detailed in the table below each figure.
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A.1. FEASIBILITY STUDY

A.1 Feasibility study

Subject 1

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 80 19:00 6.6
08:00 30 08:00 4.4

Closed-loop
19:00 80 19:00 6.6
08:00 30 08:00 2.7
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A.1. FEASIBILITY STUDY

Subject 2

(a) CSII visit
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(b) Closed-loop visit
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Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 6.0
08:00 38 08:00 2.5

Closed-loop
19:00 60 19:00 6.0
08:00 38 08:00 2.5

Subject 3

(a) CSII visit
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(b) Closed-loop visit
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Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 4.6
08:00 27 08:00 1.5

Closed-loop
19:00 60 19:00 4.6
08:00 27 08:00 2.5
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A.1. FEASIBILITY STUDY

Subject 4

(a) CSII visit
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(b) Closed-loop visit
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Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 5.0
08:00 44 08:00 3.7

Closed-loop
19:00 60 19:00 7.5
08:00 44 08:00 3.7

Subject 5

(a) CSII visit
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(b) Closed-loop visit
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Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:30 7.5
08:00 38 08:00 9.0

Closed-loop
19:00 60 19:00 7.5
08:00 38 08:00 6.5
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A.1. FEASIBILITY STUDY

Subject 6

(a) CSII visit
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(b) Closed-loop visit
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 4.8
08:00 40 08:00 3.5

Closed-loop
19:00 60 19:00 4.8
08:00 40 08:00 3.5

Subject 7

(a) CSII visit
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(b) Closed-loop visit
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 4.0
08:00 74 08:00 6.0

Closed-loop
19:00 60 19:00 5.0
08:00 74 08:00 6.0
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A.1. FEASIBILITY STUDY

Subject 8

(a) CSII visit
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(b) Closed-loop visit
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Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 6.0
08:00 34 08:00 4.5

Closed-loop
19:00 60 19:00 6.0
08:00 34 08:00 3.3

Subject 10

(a) CSII visit
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(b) Closed-loop visit
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Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 5.0
08:00 50 08:00 3.5

Closed-loop
19:00 45 19:00 6.0
08:00 50 08:00 6.0
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A.1. FEASIBILITY STUDY

Subject 11

(a) CSII visit
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(b) Closed-loop visit
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 3.1
08:00 67 08:00 5.0

Closed-loop
19:00 60 19:00 4.5
08:00 67 08:00 5.8

Subject 12

(a) CSII visit
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(b) Closed-loop visit
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:20 3.5
08:00 64 08:00 2.3

Closed-loop
19:00 60 19:00 4.0
08:00 64 08:00 2.4
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A.1. FEASIBILITY STUDY

Subject 13

(a) CSII visit
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(b) Closed-loop visit
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Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
19:00 60 19:00 6.0
08:00 64 08:00 4.5

Closed-loop
19:00 60 19:00 4.5
08:00 64 08:00 6.5
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A.2. MEAL AND ALCOHOL STUDY

A.2 Meal and alcohol study

Subject 1

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 118 20:30 12.5
Closed-loop 20:30 118 20:30 12.5

Subject 2

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 107 20:30 14.2
Closed-loop 20:30 107 20:30 14.0
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A.2. MEAL AND ALCOHOL STUDY

Subject 3

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 118 20:30 11.5
Closed-loop 20:30 118 20:50 12.2

Subject 4

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 116 20:45 10.0
Closed-loop 20:30 116 21:00 7.5
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A.2. MEAL AND ALCOHOL STUDY

Subject 5

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 20:30 8.5
Closed-loop 20:30 100 20:45 7.5

Subject 6

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 20:30 24.0
Closed-loop 20:30 100 20:45 24.0
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A.2. MEAL AND ALCOHOL STUDY

Subject 7

(a) CSII visit

0

1

2

3

4

5

 
In

su
lin

 in
fu

si
on

 (
U

/h
)

0

2

4

6

8

10

12

14

16

18

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(m

m
ol

/l)
 

19:30 21:45 00:00 02:10 04:30 06:45 09:00 11:15
 

Time

Plasma glucose Sensor glucose 
Insulin infusion 

(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 21:15 10.0
Closed-loop 20:30 100 21:00 7.0

Subject 8

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 20:30 10.0
Closed-loop 20:30 100 20:30 9.0
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A.2. MEAL AND ALCOHOL STUDY

Subject 9

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 20:30 8.3
Closed-loop 20:30 100 21:00 8.3

Subject 10

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 20:30 8.0
Closed-loop 20:30 100 21:00 6.0
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A.2. MEAL AND ALCOHOL STUDY

Subject 11

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 20:30 8.5
Closed-loop 20:30 100 20:30 9.0

Subject 12

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII 20:30 100 21:00 14.4
Closed-loop 20:30 100 20:30 14.9
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A.3. PREGNANCY STUDY

A.3 Pregnancy study

Subject 1

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII

14:30 15 14:30 0.5
18:00 60 17:50 4.8
21:00 15 21:00 1.5
07:30 50 07:50 3.7

Closed-loop
14:30 15 14:30 1.5
18:00 60 18:10 4.6
07:30 50 07:30 5.6
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A.3. PREGNANCY STUDY

Subject 2

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 18:10 4.6
07:30 50 07:30 5.6

Closed-loop

18:00 60 17:50 9.5
21:00 15 21:00 1.5
07:30 50 07:50 3.7
09:00 15 09:00 2.3
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A.3. PREGNANCY STUDY

Subject 3

(a) CSII visit
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(b) Closed-loop visit

0

1

2

3

4

5

 
In

su
lin

 in
fu

si
on

 (
U

/h
)

0

2

4

6

8

10

12

14

16

18

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(m

m
ol

/l)
 

14:00 16:15 18:30 20:45 23:00 01:15 03:30 05:45 08:00 10:15 12:30
 

Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 17:50 6.9
07:30 50 07:20 8.6
09:00 15 09:00 2.3

Closed-loop
18:00 60 17:50 7.0
21:00 15 21:00 1.5
07:30 50 07:25 7.7

Subject 4

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 17:55 12.0
07:30 50 07:30 5.0

Closed-loop
18:00 60 17:50 12.0
07:30 50 07:20 8.0
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A.3. PREGNANCY STUDY

Subject 5

(a) CSII visit
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(b) Closed-loop visit
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Time

Plasma glucose Sensor glucose 
Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 18:15 4.0
07:30 50 07:35 6.1
09:00 15 09:00 1.0

Closed-loop
18:00 60 17:55 10.0
07:30 50 07:25 11.0
09:00 15 09:00 2.0
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A.3. PREGNANCY STUDY

Subject 6

(a) CSII visit
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(b) Closed-loop visit
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CSII
18:00 60 18:05 8.2
07:30 50 07:20 16.6

Closed-loop
18:00 60 17:50 7.6
21:00 15 21:00 0.5
07:30 50 07:25 9.2
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18:00 60 18:00 4.5
07:30 50 07:20 4.0

Closed-loop
18:00 60 17:50 9.5
07:30 50 07:20 8.0
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A.3. PREGNANCY STUDY
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 17:50 6.0
07:30 50 07:20 9.0
09:00 30 09:00 3.0

Closed-loop
18:00 60 18:00 6.0
07:30 50 07:25 9.0

Subject 9
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 17:55 4.6
07:30 50 07:20 3.6
09:00 30 09:00 1.3

Closed-loop
18:00 60 17:50 5.3
07:30 50 07:20 4.7
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A.3. PREGNANCY STUDY

Subject 10

(a) CSII visit
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 17:50 12.0
07:30 50 07:20 7.9

Closed-loop
18:00 60 17:50 18.0
07:30 50 07:25 11.0

Subject 11
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Insulin infusion 

Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII

18:00 60 17:50 7.2
21:00 15 21:00 1.8
07:30 50 07:30 2.4
09:00 15 09:00 1.5

Closed-loop
18:00 60 17:50 5.5
07:30 50 07:20 5.9
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A.3. PREGNANCY STUDY

Subject 12

(a) CSII visit
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Visit Time Carbohydrates (g) Time Insulin bolus (U)

CSII
18:00 60 18:00 14.9
07:30 50 07:30 12.0

Closed-loop
18:00 60 17:50 16.0
07:30 50 07:20 14.0
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Appendix B

Achievements

Publications

• Haidar A, Elleri D, Allen J, Harris J, Kumareswaran K, Nodale M, Acerini C,

Wilinska M, Jackson N, Umpleby M, Evans M, Dunger D, Hovorka R. “Validity

of Triple and Dual-Tracer Techniques to Estimate Glucose Appearance" Ameri-

can Journal of Physiology Endocrinology & Metabolism 2012 Mar 27

• Kumareswaran K, Evans M, Hovorka R. “Closed-loop insulin delivery: towards

improved diabetes care” Discovery Medicine 2012 Feb, 13(69):159-70

• Kumareswaran K, Elleri D, Allen J, Harris J, Xing D, Kollman C, Nodale M,

Murphy H, Amiel S, Heller S, Wilinska M, Acerini C, Evans M, Dunger D,

Hovorka R. “Meta-analysis of overnight closed-loop randomised studies in chil-

dren and adults with type 1 diabetes: the Cambridge cohort” Journal of Diabetes

Science and Technology 2011 Nov, 5(6):1352-62

• Murphy H, Kumareswaran K, Elleri D, Allen J, Caldwell K, Biagioni M, Sim-

mons D, Dunger D, Nodale M, Wilinska M, Amiel S, Hovorka R. “Safety and

efficacy of 24-hour closed-loop insulin delivery in well controlled pregnant

women with type 1 diabetes: a randomised crossover case series” Diabetes Care

2011 Dec, 34(12):2527-9

• Hovorka R, Kumareswaran K, Harris J, Allen J, Elleri D, Xing D, Kollman C,

Nodale M, Murphy H, Dunger D, Amiel A, Heller S, Wilinska M, Evans M.
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“Overnight closed-loop insulin delivery (artificial pancreas) in adults with type

1 diabetes: crossover randomised controlled studies” British Medical Journal 2011

Apr, 342:d1855

• Kumareswaran K, Evans M, Hovorka R. “Artificial Pancreas: an emerging

approach to treat type 1 diabetes” Expert Review of Medical Devices 2009 July,

6(4):401-410

Awards & prizes

• John Stowers Research Award (best conference poster), EASD Diabetic Preg-

nancy Study Group meeting 2011

• MRL Student Symposium poster prize, University of Cambridge Metabolic Re-

search Laboratories 2011

• Class of 2011 Endocrine Trainee Travel Award, ENDO Boston 2011

• Juvenile Diabetes Research Foundation Student Research Gold Award (best con-

ference poster), Diabetes Technology Meeting 2010

• Travel Award, European Association for the Study of Diabetes meeting 2010

• Eli Lilly Award (best clinical science poster), Diabetes UK Annual Professional

Conference 2010

• Travel Award, Diabetes UK Annual Professional Conference 2010

Formal presentations

• “Physical activity energy expenditure and glucose levels in pregnant women

with type 1 diabetes during free-living and controlled conditions" (poster) Amer-

ican Diabetes Association, Philadelphia USA, 2012

• “Continuous glucose monitoring performance during exercise in pregnant women

with type 1 diabetes" (poster) American Diabetes Association, Philadelphia

USA, 2012
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• “Closed-loop insulin delivery during normal daily activities in pregnant women

with type 1 diabetes" (oral) Advanced Technologies and Treatments for Dia-

betes, Barcelona Spain, 2012

• “Closed-loop insulin delivery during normal daily activities in pregnant women

with type 1 diabetes" (poster) Medical Research Society Clinician Scientists in

Training Meeting, London UK, 2012

• “Closed-loop insulin delivery protects against nocturnal hypoglycaemia after

moderate physical activity in pregnant women with type 1 diabetes" (poster)

EASD Diabetic Pregnancy Study Group meeting, Cambridge UK, 2011

• “The diverse spectrum of non-islet cell tumour-induced hypoglycaemia – 3 case

reports” (poster) ENDO Annual Meeting, Boston USA, 2011

• “Overnight closed-loop insulin delivery in adults with type 1 diabetes” (poster)

Parliamentary and Scientific Committee SET for BRITAIN Competition, House

of Commons London UK, 2011

• “Closing the loop overnight in adults with type 1 diabetes following standard

meal and large meal with alcohol” (oral) Advanced Technologies and Treat-

ments for Diabetes, London UK, 2011

• “Overnight closed-loop insulin delivery in adults with type 1 diabetes” (poster)

Medical Research Society Clinician Scientists in Training Meeting, London UK,

2011

• “A rare cause of hypoglycaemia” (oral) Addenbrooke’s Hospital Grand Round,

Cambridge UK, 2010

• “Overnight closed-loop insulin delivery in adults with type 1 diabetes” (poster)

Diabetes Technology Meeting, Bethesda USA, 2010

• “Overnight closed-loop glucose control following consumption of alcohol in

adults with type 1 diabetes” (oral) European Association for the Study of Dia-

betes, Stockholm Sweden, 2010

• “Non-islet cell tumour-induced hypoglycaemia – what is the optimal treatment?

2 case reports” (poster) UK Ireland Neuroendocrine Tumour Society Meeting,

Belfast Ireland, 2010
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• “Overnight closed loop glucose control following consumption of alcohol in

adults with type 1 diabetes” (oral) American Diabetes Association, Orlando

USA, 2010

• “Closing the loop in adults with type 1 diabetes” (oral) Diabetes UK Annual

Professional Conference, Liverpool UK, 2010

• “Closing the loop in adults with type 1 diabetes” (oral) Anglo Danish Dutch

Diabetes Group Meeting, Avegoor Netherlands, 2009
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